Total performance measurement for world class manufacturing / by Sridharan, Nagesh
Lehigh University
Lehigh Preserve
Theses and Dissertations
1988
Total performance measurement for world class
manufacturing /
Nagesh Sridharan
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Manufacturing Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Sridharan, Nagesh, "Total performance measurement for world class manufacturing /" (1988). Theses and Dissertations. 4898.
https://preserve.lehigh.edu/etd/4898
... 
• 
,· 
-i ' 
-.~ 
--7-
, ·\ 
._. 
,, 
' 
Tota.I ···Performance Measurement 
for 
WQrld Clilss M3nufacturing ·· 
. ' 
by 
Nagesh Sridharan 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of'·Science 
• 1n 
Mailuf acturing Systems Engineering 
Lehigh University 
,-, 1,- ' 
19.88 
. . . . : . ,· . ·:. ;I • 
. . . ' 
• 
.,. 
0 • 
.. . 
Total Performance Measurement 
for 
.,. 
World Class Manufacturing 
This thesis is accepted and approved in partial fulfillment 
of the requirements for the degree of Master of Science in 
Manuf actur}ng Systems Engineering 
• • 11 
~- .. , ) 
Nagel 
Prof e sor in Charge 
Dr.Ro er N. Nagel 
Director, MSE Program \) 
,. 
Dr .George E. ane _,,. 
Chairman, Industrial Eng Dept 
... 
.. 
{'1 
• 
- •' - .:..,. ; . 
., 
. • I, 
Acknowledgements 
' 't·. 
.-J· . 
I would like to express my sincere gratitude to 
Dr.Roger N. Nagel for his time, help, encouragement and 
friendship. I would like to thank him for sharing with me 
his industrial experience, from which I drew several ideas 
relevant .to this research. 
I am grateful to Mr.Keith A. Krenz for making me aware 
of the need for new performance indicators to manage changes 
in modern manufacturing, and for helping me focus my 
research efforts in this area. 
For making my academic and work life at Lehigh a very 
pleasant experience and for their help on numerous 
occasions·, I would like to thank Messrs. Carlos Gomez, Joyce 
Barker, Arlene Nagel, Robin LaPadula, Jone Susski and 
Jeanette·McDonald. 
\ 
Finally, r would like to thank my parents and my 
sister for helping me in every possible way. 
. . ' 
.(!:· 111 
.. 
' " 
\. 
' \ 
( . 
.'J f·• 
"1l· 
I . 
.I • 
. i 
Table of Contents 
'\~;)~· 
-~\1'. J 
' ' 
,, I 
"/ 
Chapter 
Abstract 
Page 
I. 
II. 
INTRODUCTION 
1.1 Competitiveness 
1.2 Critical success factors 1.3 World class manufacturing 1.4 Impacts of overseas competition 
1.5 strategic information systems 1.6 Scope of this research 
RESEARCH ISSUES IN PERFORMANCE MEASURES 2.1 Traditional performance measures 2.2 Traditional managerial incentive systems 2.3 Product life cycle impacts 2.4 Corporate mission impacts 
2.4.l Types of missions 
2.4.2 Types of manufactu~ing strategies 2.5 Areas for research 
2.6 Qualities desirable in PM researchers 2.7 Need for performance measures 
2.8 Impediments to strategic measures 
l 
2 
3 
4 
5 
6 
7 
9 
9 
11 
13 
16 
17 
21 
23 
25 
25 
27 
III. FRAMEWORK FOR MEASURING TOTAL MFG PERFORMANCE . 29 3.1 Functional-requirem~nts 2.9 3.2 Hierarchical approach 32 3.3 Framework for mfg performance measurement 32 
IV. MEASURES OF COST EFFECTIVENESS 40 
v. 
4.1 Material cost effectiveness 41 4.2 Conversion cost effectiveness 57 4.3 Lifecycle cost 75 
MEASURES OF QUALITY 
5.1 
5.2 
5.3 
5.4 
Quality 
Quality 
Product 
Cost of 
5.4.1 
5.4.2 
5.4.3 
5.4.4 
•• 
of design 
of conformance 
performance 
quality 
Classificqtion scheme 
Uses of cost information 
Measures based on quality costs Limitations of cost information 
• 1V 
79 
81 
85 
91 
93 
94 
97 
101 
103 
. .r 
• 
. . . 
'· 
,~ Chapter. 
' VI. MEASURES OF RESPONSIVENESS 
·6. 1 cumulative lead . time 
6.1.1· Lead time measures 
6.2 Delivery· performance 
6.3 customer service performance 
6.4 Flexibility 
6.4.1 Types of uncertainty 
6.4.2 Types of flexibili~y 
6.4.3 Economy of scale 
6.4.4 Economy of scope 
6. 4. 5 Import.ance of flexibility 
6.4.6 Achieving flexibility 
6.4.7 Pseudo flexibility 
6.4.8 Measurement of flexibility 
6.4.9 Proposed measures 
6.4.10 Benefits of flexibility 
6.4.11 Value of flexibility 
6.5 Product innovation and introduction 
. 
VII. MEASURES OF OPERAT{ONS STABILITY 
7.1 End of month syndrome 
VIII. 
7.2 Measures of stability 
SUMMARY, CONCLUSIONS 
8.1· Summary 
8.2 Conclusions 
8.3 Recommendations 
Bibliography 
Vita 
.. I 
' 
AND RECOMMENDATIONS 
V 
Page 
107 
·, 
107 
111 
124 
127 
128 
130 
130 
134 
136 
138 
139 
141 
142 
146 
151 
152 
152 
157 
159 
· 161 
166 
166 
1.68 
169 
171 
'I 
t 
,, 
.. ., ............. .,, ... ,, ....... ,,, .... ,,,,., ... ,. 
Abstract .. 
Performance measures are a vital part of a. firm's 
strategy to achieve competitive.succiess and to ma~imize 
~ 
profitability. They enable top management ~o transmit goals 
for company wide prof i'ts and growth in sharp, unambiguous 
terms. Unfortunately, most companies are managed by a set 
of performance measures, some or all of which are irrelevant 
to the strategic needs of the enterprise. This research led 
to the development of a generic but comprehensive set of 
strategic measures to evaluate total manufacturing 
performance. The goal of a manufacturing organization was 
recognized to be the maximization of profit. Profits are 
assumed- to depend upon tl1e cost, quality and responsiveness 
levels provided to the customers through the firm's products 
and services. Operational expenses, throughput and 
inventory are recognized to be global measures of 
manufacturing productivity. The measures developed are 
-I 
I i·.; I grouped under four heads: cost-effectiveness, quality, 
responsiveness and the stability of manufacturing 
c, 
. 
operations. Attempt is ma:le to relate-each strategic 
measure to the global measures. The potential impact of 
uncertainty and variability on the behavior of the measures ', •' 
developed, is also extensively dealt·with. ·Finally, for 
_companies intending to develop a strategic performance 
,· 
measurement system, a systematic approach to determine an 
appropriate set of measures is recommended. 
• • V1 
.--
ll 
J; ' 
,, 
..._ 
. Chapter I 
Introduction 
• 
, 
Performance measures are a vital part of a firms's 
• 
strategy.to achieve competitive success. They enable top 
management to transmit goals for company-wide profits and 
' growth to the strategic, operational ·and tactical levels, in 
-· sharp,· unambiguous ter1ns. Unfortunately, most ~ornpanies 
today are managed by an inadequate set of performa~ce 
indicators, some or all of which are irrelevant to the 
-strategic needs of the enterprise. An ineffective 
., 
performance measurement system can undermine superior 
product development, process improvement and marketing 
. efforts. When senior management does not receive accurate 
information about the efficiency and effectiveness of 
internal operations, the organizations become vulnerable to 
competition from smaller and more focussed organizations 
(Skinner (156]). This is parttcularly important for large, 
vertically integrated or multi-divisional, diversified 
orga.nizations •· Also, undesirable outcomes can occur when 
subordinates are asked to respond to irrelevant indicators . 
l· 
. 1'1-
' . . 
.. 
........ 
\.. .... 
' / 
-. 
. u 
' \ 
1.1 COMPETITIVENESS 
The term competitiveness i·s subject to a variety of 
definitions. In simplest form, an industry is competitive 
if the price, quality and performance of its products equal ,., 
or exceed that of competitors and provide the combination ·· 
demanded by customers. International competitiveness is ; 
somewhat more complicated because price is more heavily· 
influenced by e~-ehange rates, which cannot be controlled by 
the individual producer. However, exchange rates are only 
one determinant of product price, and price· is only one 
determinant of competitiveness. Price is also determined by 
production costs, quality and performance. Performance 
includes innovation, unique or superior design, 
dependability and reliability, responsiveness to the 
customer, which in many cases are more important 
determinants of competitiveness than price. If 
manufacturers can produce high quality goods with less 
labor, materials, overhead and inventory than other domestic 
or foreign producers, then competitive production can be 
ensured. ·These are the areas in which U.S. manufacturers 
have lagged [113]. Improvements in the use of these 
resources,_as well as product quality and performance, are 
fundamental to improved competitiveness. 
0 ' 
2 
' 
., 
' .,, 
• 
1.2 CRITICAL SiJC·CESS FACTORS 
r 
l. 
, .. 1\ .... 
I 
The success or failure of an organization depends upon 
how effectively it "responds'' to. its c_ustomer' s needs~ 
Critical success factors {CSFs) are factors th~t affect long 
term competi9veness,, profitabi'lity and growth. They are -. 
' ' 
the deter1ninants of strategic success and can be determ-ined 
through an objective asse_ssment of the ·finn's competitive 
·environment. Critical success factors can include things 
like: 
- Capacity - meeting volume demand 
- Capability - meeting feature demand 
- Flexibility - ability to rapidly change output 
- Dependability - meeting customer need dates 
- Reliability - producing a product that works 
- Quality - meeting product specifications 
- Responsiveness - rapid product introduction 
~ 
- Innovation - creating new products, processes and/ 
or systems 
- Cost - expenditures to bring the product to the 
customer. 
T 
Critical success factors are product specific and 
depend On the environment in which the firm operates. For a 
given p·roduct, CSfs vary as it evolves through the different 
phases of its life cycle. Strategies and mission statement~ 
should be derived from the firm's CSFs. No two 
•· 
3 
.. ., . 
' ' 
. ·' 
" , ... :,,..,.~,.,., 
• 
\,. 
• • manufacturing fir1ns are alike. Therefore, no one strategy ~ 
, 
~ 
. will work for all. j Each strategy must be tailored · to the 
environment. ·Ina multi-plant, multi-product environment, 
·I 
the mission ~tatement and objecttves·must be developed 
-
-
separately for each business unit and coordinated into the 
. ~ 
overall set of goals. Also, some of the critical success 
.. 
factors listed above can be mutually exclusive if taken to 
the extreme,. for example,'flexibility ver~us cost and cost 
'jl,. 
versus reliability. Each CSF should be valued relative to 
the market demands vis a vis the competitor. 
1.3 WORLD CLASS MANUFACTURING 
World class manufacturing involves the production of 
goods that are competitive in a global market. Fundamental 
to.being world class is the evolutionary creation of a lean 
manufacturing facility. This is done by attempting to 
progressively lower all uncertainties in the overall 
production process using only those available resources, 
' 
philosophies and tools that are appropriate and make sense. 
Uncertainty in prRduction stems from poor process 
/ 
., 
capability, equipment reliability, vendor reliabiiity, 
information accuracy and quality of incoming 1terials, 
worker absenteeism, low employee motivation and knowledge 
levels, schedule variations and a host of.other factors. 
These uncertainties have a negative influ_ence on the firm's 
critical success factors and therefore, on its ability to 
4 
.,. 
' 
.... 
" 
compete. It may also pe seen that all uncertainties result 
in an increase in inputs for a giveti ·level of output • 
. . , 
,.- .... · 
... 
• 
1.4 IMPACTS OF OVERSEAS. COMPETITION 
overseas manufacturers with lower labor costs w"ill 
) 
, ; have a long term manufacturing·cost advantage in·the 
i 
manufacture of 4 standard products. The competitive edge for 
the U.S. will ,be in the production of items that are non~ 
standard. The non-standard nature can arise~from product 
customization, continual technological improvements to the 
manufacturing process, and/or a continuous process of 
innovation and.introduc~io~ of new.and improved products. 
' 
The advent of aff ordabl·e flexible manufacturing technologies 
will shift emphasis in the U.S. fro1n large scale repetitive 
manufacturing processes to a highly automated job shop 
environment featuring the manufacture ·and ~ssembly of 
• customized products in ·short batch sizes (Gordon and 
Richardson [140]) •. Due to the high level of responsiveness 
demanded, a number of factors will be critical to the 
success of these firms. The American niche· of customized 
production for global markets wouia h~lp in gaining a · 
competitive edge only if the evolutionary change, as well as 
steady state operations are managed by a diverse set of 
strategic performance measures that span all success 
.. 
' 
factors. Traditional cost and labor productivity based 
indicators ·do not provide comprehensive measures of total 
. 5 ···-'· ... , -··· 
' ' ' 
.. 
,· 
! 
,. 
. ' 
,, 
:' 
manufacturing perforn1ance. New measures will be required. 
' 1.5 STRATEGIC INFORMATION SYSTEMS 
I 
,, 
·A strategic information.system of an organization 
should serve as a means to systematically collect, organize 
and present on time, external and internal intelligence-
information that i~ useful for planning and con·ducting 
business in a manner that fosters long ter1n competitiv~ness, 
profitability and growth. 
·, 
. lj) 
Timely external intelligence helps to keep the 
organization's critical success factors and mission 
statement up to date. · This is very important since all 
operating strategies are justifiable only on the basis of a 
valid mission. External intelligence includes market and 
industry trends, policy changes by --domestic and foreign 
trade/ government agencies, trade and tax laws and 
incentives, competitor performance and actions, advancement 
in product and process technologies and such others . 
. Internal intelligence essentially· consists·of measures 
.JI 
"' of long term organizational health and a comprehensive set 
of indicators to meas~re total manufacturing performance in 
terms of the extent to which critical success factors are· 
sati.sf ied an·d how they relate to the organizat·ion' s primary 
goal - profit maximization~ 
6 
,· t 
, . 
I ,1 
1.6 SCOPE OF THIS RESEARCH 
This objective~ of this research was to develop a 
generic but comprehensive se-t of performance measures that 
·could serve as ~ complete ·menu ·for organizations to choose 
from, bas·ea on their corporate mission and mix of critical 
success factors. Such a set of measures is a prerequisite 
for gaining control over 4 planned change and steady state 
operations. 
-
Chapter 2 surveys the characteristics and limitations 
o·f traditional performance measures and managerial ihcentive 
systems. The impacts of corporate missions and product life 
cycles on critical success factors are analyzed. The need 
for new perf orinance measures and impediments to the 
development of such measures are discussed. 
Chapter 3 presents a framework ·for measuring total 
manufacturing performance. The need for a hierarchical 
system is discussed and the functional requirements for 
. 
strategic performance measurement are developed. 
Chapters 4, 5, 6 and 7 present detailed sets of 
operational level measures for cost e.ffectiveness, quality, 
responsiveness and operational stability respectively. . 
. 
• 0 
. 
• About·a hundred different measures are discussed. Attempt 
has been made to ensure that each measure reflects relevance 
7 
~· . '· 
. . 
' . 
.. 
to operational 
. ~: 
global measure·s 
., 
. 
expenses, inventory and/ or throughput~ the 
of m_enufacturing productivity. T.he summary, 
conclusions and recommendations for the use of the proposed 
measures are presented in Chapter a. • 
8 
,,. 
r' 
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Chapter II 
Research lssue·s in Performance Measures 
This chapter surveys the characteristics and 
limitations of traditional performance measures and 
managerial incentive systems. The impacts of corporate 
missions and product life·cycles on the critical subc~ss 
' 
·factors of an organization are then analyzed. Areas for 
further research and the desirable qualities for researchers 
in this field are briefly reviewed. The need for new 
performance measures and impediments to the development and 
! 
use of such measures, that have existed in the past, are 
then discussed. 
2.1 TRADITIONAL PERFORMANCE MEASURES 
CHARACTERISTICS AND LIMIT A TIO NS 
The basic problem with performance measures today is 
that they have- little or no relevance to strategic decision 
· making. According to a survey by Richardson and Gordon 
[140], productivity and costar, the most widely used 
performance indicators. Many fir~s employ measures of 
product quality. Some firms measure delivery performance on 
' a regular basis. Few firms have·very basic measu~e~ for 
t" 
" 
fleKibility. in terms of volume and product specification 
, 
9-
I!)• •, 
I 
I 
~ 
,, 
.. 
changes and some others for process innovation. In general, 
---~ indicators in use are not comprehensive enough to measure 
total manufacturing performance. 
. . 
,, 
·, Measures used are not product specific. I Generic 
. 
measures are used for all products within a single fa6ility. 
Little or·no consideration is given to changes in critical 
success factors as a product evolves through different 
·-phases, of its life cycle. Multi-product ·plants with 
products in different phases of their life cycle use a 
generic single measurement .system across all product lines, 
departments and functions. The formality of evaluation 
increases with the size of the firm and the maturity of the 
., 
product line. In small firms (sales< $5 millions) 
,,-.••-
standards were\less well established and the frequency of 
evaluation was much lower. Quality and delivery become 
concerns only when customers complain. 
Single measures of performanc~ are prevalent (Kaplan 
[91]). Single measures have myopic properties that will 
enable managers to increase their score on this measure 
without necessarily contributing to the long term profits of 
/J ,. 
the firm. They do not provide insight into the variables 
that affect its value.· Consequently, they do not·provide 
direction for improyed performance. 
10 
" I 
. ( 
. I 
Cost accounting systems collect only those costs that 
are .easy to collect. Little or no effort is made to ·-~ 
transform non-financial measures (wh~rever used) into cost • 
.. 
critical measures of manufacituring's responsiveness are 
0 
missing. Some firms have realized that cost and 
productivity based yardsticks do. not provide ·comprehensive 
' measures of performance, but still have failed to adopt 
other measures •. A few organizations ~owever, appear to be 
a in the process of develo~ing new measures with help from 
,• 
consulting organizations and academic institutions 
I • 
(Richardson and Gordon [140]). 
2.2 TRADITIONAL MANAGERIAL INCENTIVE SYSTEMS 
These nave traditionally been based on short term t 
financial performance. According to Kap~an [91], managerial 
decisions are strongly influenced by the nature of incentive 
systems for division and senior managers. At present, they 
rely heavily on financial measures of perfo~mance such as 
earnings per share. Operating measures consistent with long 
" term health are., ·not used (Rappaport [138]). 
' ... 
During inflationary periods, firms t.end to adopt 
practices to increase reported income through under-
depreci~tion and understatement of the .cost of goods sold. . ,. 
Using financi~l measures as a basis for compensating senior 
managers also tends to focus senior manager's attention on 
11 
• 
9 
.. 
., 
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# 
'· 
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'" 
I financial rather than manufacturing performance. Debt 
·,, 
• 
9 ' restructuring exercises like mergers and acqti-isi tions 
increase financiai performance in the short run, but have 
few demonstrable benefits -for the effectiveness or 
efficiency of the firm. 
Capital investments in new products and processes, due 
-to the learning curve/ experience curve and other effects 
tend to have a short run negative impact on. reported 
earnings. During periods of economic downturn the tendency 
is to reduce capital investment as well as intangible 
l} investments in research, product development, human resource 
development, advertising and promotion, maintenance, quality 
control and customer service. Workers are laid off rather 
than reassigned to activitie~ suitable for slack periods 
such as equipment maintenance, modernization, retraining and 
,education and redesign of work activities. These practices 
· .. 
maintain profit levels in the short run but almost always 
prevent gains from new product innovation, improved 
processes, more skilled and loyal employees and an expanded 
Jnarket share. 
0 
Kaplan [91] explains the current popularity of 
financial measures. Financial measures provide an apparent, 
comprehensive measure of performance. They enable 
aggregatio_n of\ performance across di verse operating uni ts 
12 
t, . 
·' 
' \ ,, ... 
r( 
. 
..., 
, and divisions to get an overall measure. However, the use·· 
of financial .meas'1res as a basis for incentive systems 
penalize manager~ for sacrificing snort term earnings for 
long term profitability. • 
J 
2.3 PRODlTCT LIFE CYCLE IMPACTS 
a, 
Every produo.t goes through the following phases in its 
life cycle: 
- Phase 1: Product introduction, 
- Phase 2: Market growth, rJ 
- Phase 3: Market maturity and saturation and 
- Phase 4: Sales decline. 
Richardson and Gordon [140] summarize their beliefs about 
different measures of manufacturing performance that must be 
employed at the different stages of a product life cycle. 
with the following propositions: 
Proposition 1 
"As products move through the life cycle, the critical tasks 
of manufacturing change. '' 
For products early in the life cycle, the ability to 
1) innovate and introduce new products quickly, 
.. 2) vary product characteristics quickly as new 
customer preferences and new t~chnological 
... 
possibilities become known, 
·, 
13 
\ 
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I) 
J. 
• 
• 
3) deliver new products at high quality levels and 
4). deliver on predictable gelivery schedules, 
,, 
. is critical to success.· As products matu~e and markets 
. 
reach a saturation stage, competition takes·place along cost 
minimization and productivity di~ensions. This is 
particularly true of mass produc~d items with stable 
characteristics and demand patterns. 
Proposition 2 
"Facilities that manufacture products early in the life 
I • I 
cycle are less likely to have well-defined measures of 
manufacturing performance than those facilities with mature 
products." 
Measures of innovation and flexibility required for products 
early in the lifecycle are complex and require data 
collected over a long time. Quite often they don't exist 
and if they do, they were extremely crude. Consequently, 
. . 
facilities that manufacture new products are less likely to 
have wel1 defined measures than those with mature products. 
,r:> 
Proposition 3 
"Where manufacturing perfo:r:mance measures are inappropriate 
{.? 
to a products stage in the lifecycle, dysfunctional 
consequences will result." 
14 
\ 
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' 
If managers i·ntroducing new products are evaluated on the 
basis of cost minimization and. productivity,. · they may not l;>e 
··,:,. 
as responsive to customer needs, will freeze the design 
.. 
. . 
' specifications and standar.dize the product, and may not P~¥-
enough attention to the maintenance and improvement of 
quality. 
Proposition 4 
.. 
"In multi-product manufacturing facilities product 
innovation will be inhibited by measurement systems designed 
for mature products. 11 
.. 
Measures such as cost minimization and productivity will 
inhibit innovation and successful introduction of new 
products. This will happen because the learning curve/ 
experience curve effects, sluggish initial market conditions I 
and frequent design changes associated with new products 
result in deterioration in productivity, at least in the 
Proposition 5 
"Managers will respond to perceived measures of their 
perf ornf.ance. 11 
This refers ):.o the adage that whatever is measured improves ... 
. . 
-Quite often people tend to show favorable performance 
•{ 15 
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' 
numbers without regard. to their rele~ance. 
,! 
' 
2.4 CORPORATE -MISSION IMP ACTS 
l 
The corporate mission provides an endu~ing statement 
\) 
of the business the firm is in, the firm's objectives and~ 
how it will compete in its markets. The statement of the 
mission identifies the image the firm attempts to project 
and reflects the valu~s and .p~iorities of the firm's 
decision makers. Subordinate to this overall mission are 
' 
. 
functional strategies (marketing, manufacturing, research 
and development) which should be defined by parameters that· 
ensure that they fit the mission and so enable the firm to 
achieve its long run objectives (Richardson, Taylor and 
Gordon [141]). 
Traditionally, manufacturing choices have been 
described as trade-offs among cost,·quality, volume, 
delivery and design. Recently, however, declining 
innovation has been recognized as a major problem in firms 
manufacturing mature products. In response to concerns of 
this nature, a broader view of manufacturing strategy has 
emerged which includes product and process innovation [141] . 
• 
Manufacturing perforiuance should be evaluated in terms 
of how well it meets the goals and objectives defined for it 
by the corporate mission. The goal is ·to maximize profit 
16 
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\ 
" 
and the mission represents the organizations' approach to 
ach.ieve the goal. The demands placed on manufacturing by 
., 
the·corporate·mission determines manufacturing strategy . 
.. 
Manufacturing tasks are derived from the manufacturing 
,• 
strategy and the effectiveness of operations needs to be 
evaluated using a weighted set of measures. 
Companies in the same industry have been successful 
. 
with completely different marketing and manufacturing 
strategies. This shows that there is a variety of corporate 
. missions and corresponding manufacturing strategies. Some 
0 
commonly observed manufacturing missions are discussed 
below. 
·, 
2.4.1 TYPES OF MISSIONS 
Richardson, Taylor· and Gordon (141] identify six fonns 
of corporate mission, differentiated on the basis of three 
principle characteristics: product volume, product 
variety(focus) and the degree of innovativeness •. The 
missions were postulated to va~ from those based primarily 
on innovation skills to those based almost entirely on low 
cost production. The different types of missions were 
characterized as follows: 
,, 
Technologi~al Frontiersmen 
.. 
These firms are driven by research and development. 
. J; . 
·~ ~ 
·~ 
; 
• 
'. 
r 17 
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, 
·, They remain on the leading edge of production technology by 
co~stantly innovating, and their ability to introduce.riew 
\ p~oducts is a key success factor. ,Markets are abandoned 
··when they become price competitive and margins fall. Price 
and promotion are not significant attributes because product , . 
performance is .a major selling feature. 
,. 
The key factors for the sucessful implementation of 
this mission are: 
1) outstanding product research, development and 
design, 
. 
2) High product quality and 
3) The ability to introduce new products 
continuously. 
Technology. Exploiters 
Like technology frontiersmen, these firms attempt to 
introduce new. products, but they follow through the complete 
lifecycle by manufacturing even when the product becomes 
-price competitive. Their strategy is complex because it 
require~ both innovation and cost minimization. 
There is a broad and potentially conflicting range of 
factors important for the success of this mission: 
1) Rapid price reduction as production. reaches high 
volume, 
) 18 
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,, 
2) Substantial skills 
. if product developlllent·and' 
I ' 
_;: 
', 
design, 
. 
3) The ability, to· introduce new produc-ts·, 
4) High product quality and 
/ 
5) Cost minimization skills. 
Technological Servicemen 
~ These firms are also on the leading edge of product 
technology but provide custom service on complex systems for 
low volume customers and markets. The firms must be 
extremely flexible and adaptable in order to respond to 
customer needs. 
-
The key factors for the successful implementation of this 
• • mission are: 
l) Excellence in product design, 
2) Hi~ product quality and quality assurance and 
3) Flexibility to customer specification changes. 
Customizers 
These firms are true job shop manufacturers. While 
r" 
,v• 
they do little.innovation themselves, they can accept 
product designs from customers and produce competitively on 
a low volume basis. Becau e they accept a wide variety of 
work, these firms must have· onsiderable flexibility for 
changes in volume and specifica · ns. 
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· The k·ey factors for the succeE;sful implementatiq.n of this 1 
mission include: 
,. 1) Pr~duct q:ual.ity and quality assurance and 
2) Flexibility to handle changes in specifications and 
volumes. 
. . 
Cost-Minimizing Customizers 
These firms produce low· volume mature products to 
individual customer designs. The firm's principal skills 
lie in design and process engineering. Price is an 
important factor in the marketing process. This mission 
requires both job shop and cost minimization skills for 
successful implementation. 
The key factors for the successful implementation of this 
e I 
mission are: 
1) Low I prices, 
. ( . 
2) Cost minimization (often without the benefit of 
I .~ high volume production) , 
3) Delivery on schedule and 
4) Flexibility to volume and· specification changes. 
Cost Minimizers 
· These firms are high-volume producers whose skills lie 
\ in the low cost production of mature products. Accordingly, 
' I 
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productivity and .-capacity utilization will be important 
measures_ of their performance if the company can sell 
whatever.it can produce. 
The narrow set of-key success factors for this mission are: 
1) 
2) 
3) 
I Low price, 
High volume and low cost production and 
Rapid delivery. 
The relat.ive importance of the diffe.rent success 
factors within each mission profile may vary from 
·, 
organization to organization. Some forms of corporate 
mission, unfortunately, have conflicting critical success 
factors. ·Manufacturing strategies that satisfy a11· CSFs 
equally, may not be feasible in such pases. 
2.4.2 TYPES OF MANUFACTURING STRATEGIES 
Richardson, Taylor and Gordon (141] identify four 
different types of achievable manufacturing strategies: 
New product centered strategy 
The emphasis here is on innovation through the ability 
to adapt to varying product specifications while maintaining 
quality. Cost and productivity are of low importance given 
"' ' 
the innovativeness of the product. 
21 
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· Custom innovator strategy 
The introduction· of new products is important,·. but the 
• 
fact that each "job is in some way unique adds to the 
complexity of the task. Increased flexibility, particularly 
to changes in specifications and volume, is very important. 
Cost minimizing job shop strategy 
Productivity and cost minimization are important, but 
' 
because customers demand custom production, volume and 
specification flexibility are also required. 
:-::. 
Cost minimizer strategy 
'· , Long runs, productivity, and return on assets are the 
key parameters of manufacturing performance. New products 
are rarely introduced, and so flexibility is relatively 
unimportant. 
An importa,nt factor in corporate success is the degree 
to which the measure~ of manufacturing performance match the 
perceived corporate mission. It can be predicted that firms 
where corporate mission and manufacturing perf or1nance _ 
" 
measures are congruent will outper·form those in which the 
two are mismatched. While developing performance indicators 
for any organization care must be taken to ensure congruence 
with the corporate mission • 
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This section was intended to.highlight differences in 
corporate missions, the variations in the demands imposed on ~ 
,, 
(I 
manufacturing and the need to tailor manufacturing 
strategies and performance measures to achieve competitive 
performance. 
2.5 AREAS FOR RESEARCH 
Resear~.in performance measures should focus over 
three major areas: . i.~ 
- Understanding performance measurement and 
executive compensation practices in overseas 
organizations, 
- Developing measures of organizational health and 
capabilities and 
- Developing strategic performance measures, which 
includes relevant management accounting systems. 
It is essential to· understand how Japanese, German and 
other foreign producers noted for their manufacturing 
efficiencies, measure, ~otivate and evaluate performance of 
their production managers. The use of non~financial 
measures for evaluating operations and the benefits they 
have attained through the use of strategic indicators must 
be investigated. 
.J, Measures of health include measures for innovation, 
a 
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.. different types of flexib·ility. Ways to evaluate a · 
? 
company's abil i. ty to . introduce new and improved products ·on 
a continuous basis are required. 
strategic perf9rmance measures research can be divided 
into development of management accounting systems and the 
deve~opment of physical, financial, non-financial .me~sures 
for evaluating total manufacturing performance. These two 
systems must be well integrated and interdependent. New 
cost accounting systems tailored to product and process 
technologies and organizational structure- are required. 
Physical measures that woula provide answers to these 
., questions nee-d to be developed: 
-
1) what is the value of close co-ordination between 
a firm and its vendors? 
2) what is the value of reduced uncertainty in the 
manufacturing process? 
3) what is the value of reduced lead time? 
4) what is the actual cost of quality? 
5) h.ow do you evaluate a company's preparedness for 
Just-In-Time? 
. ,_ 
6) what is the opportunity cost of lost sales due to 
poor responsiveness? 
, 
Comprehens.ive models for financial and non-financial 
performance measurement with well-defined-exchange of 
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inforll\ation between the two do not exist. Suitable 
... 
\ frameworks for strategic measurement systems should be 
developed and progressively embelli~hed. 
2.6 QUALITIES DESIRABLE IN PM RESEARCHERS 
The researcher should be very familiar with the 
r" 
organization for which the measures are developed. He 
·v ' 
should have a good ~nderstanding of manufacturing operations 
\' •. 
and accounting proc~dures as well as the creativity to ~ f 
develop new measures. He should approach research without a 
ri~id design. in mind. However, the research should not be 
model free and purely descriptive. The researcher should 
r , 
have a variety of models in mind that should be documented 
and tested. He should have the capability to perform field 
studies, document, test and implement new systems. It is 
also important to document gaps in knowledge about important 
measurement issues pertaining to manufacturing performance. 
2.7 NEED FOR NEW PERFORMANCE MEASURES 
The future success of most U.S. manufacturers will '9 
-' depend on their ability to continuously int~oduce, nurture 
and grow new and improved custom designed products, produced, 
quickly and efficiently in small batches using automated 
manufacturing equipment (Johnson and Kaplan [86]). To 
attain such capabilities, many companies will have to 
initiate and manage a program of planned change to improve 
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thei(r. design and manuf~cturing" facilities. The change phase 
~' 
. as well as·transformed steady state .phase, if such a phase 
exists, must be strategically managed to remain on the 
trajectory to long term profitability and growth. The 
future manufacturing e~vironment will be characterized by: 
1) Rapid changes in tech~ology, 
2) Shortened product life cycles, 
3) Differences in the organization of production 
operations, 
4) Reduction in the direct labor content of final 
products, 
5) Increased capital intensity of production processes, 
6) Greater contribution to a firm's success provided by 
its stock of knowledge and intangible resources. 
7) Greater need to quantify non-financial factors for 
justification of capital equipment. 
8). Manufacturing system life cycles exceeding the product 
life cycle, as a result of which manufac.turing 
capabilities will become more central to the strategic 
positioning of the firm. Manufacturing manager's 
horizons will expand. A more predictable and 
. ' 
controllable manufacturing organization will be 
,·, 
required to contribute to longer horizons. 
Traditional management·accounting sys.tems and 
performance indicators are based on the mass production of a 
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product~in.the mature phase of its lifecycle (Johnson arid 
Kapl~n (86]). These are primarily aimed at cost 
minimization. Traditional perform~hce measures and 
~ . 
management accounting systems· do not provide compre·hensive 
information on all financial and non-financial variables 
that affect the critical success factors in today's 
manufacturing environment. Changes in customer 
expectations, technological capabilities, manufacturing 
philosophies and global competition render traditional 
systems inadequate. 
2.8 
. ' 
IMPEDIMENTS TO STRATEGIC PERFORMANCE MEASURES 
There are several impediments to the development, 
implementation and use of strategic performance measures, 
particularly those that are non-financial in nature. These 
stem from the fact that they are different from those used 
to report to external financial investors. Use of these 
indicators initially results in erratic and unpredictable 
. . ~ short te~m performance. This will occur because less 
J) Qttention will be paid to implementing decisions that 
maintain steady quarter to quarter or annual earning,s; 
growth. Other major impediments to strategic performance 
measures are as follows: 
1) Critical variables of interest like flexibility are 
hard to define and capture. 
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2) Management's unwillingness to accept new concepts, . 
hibit and lack of understanding. of.alternative 
methods. 
3) Products age and critical success factors change. 
strategic performance measures also need to change. 
4) Physical measures are often difficult or impossible to 
a ggre·g a ta- i-nto- a- single- Gvera-11- me-a-su-re. -
5) Developing strategic performance measures requires the 
involvement from management accounting, design, 
" 
engi~eering and manufacturing departm~ts. Accounting . 
.... ... ~/" 
/>: • 
'\ ,I personnel do not take pains to understand the nature 
of .manufacturing operations. Engineering personnel 
• 
. 
often do not appreciate the importance of strategic 
control and look upon supplyi~g data for accounting as 
a periodic ritual. 
The background information in this chapter is ·used to 
develop functional requirements for strategic performance 
measurement and a .framework for the development of a system 
to measure total manufacturing perfo~mance. 
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Chapter Ill 
Framework for Measuring 
Total Manufacturing Performance 
A system for measuring total manufacturing pe~formance is 
' 
one that will provide information on all factors that have a 
significant effect on profitability, competitiveness and 
market share. Such a system would. be organization specific 
and should therefore be based on the following: 
- Company's strategy, 
- Product and process technologies, 
- . Organizational structure and the 
- Marketing environment. 
It should include key measures of manufa9turing, marketing 
and R&D success. The data for these systems should not be 
--.,, 
~xtracted from financial management systems but from one'~. 
specifically designed for strategic management. This system 
is intended to help the firm maintain its trajectory to long 
term profitability. ( ) 
3.1 FUNCTIONAL REQUIREMENTS 
A system for measuring total manufacturing performance 
should: 
1) Generate timely and accurate information on 
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strat~gic performance. 
2) Bs product speci-fic, logical~and pertinent to the 
current phase of the ~foduct life cycle. 
3) 
) 
Ensure that the conduct of operations is 
consistent with long term profitability and 
growth. 
4) Measure the effectiveness of internal processes 
and the profitability of product offerings . 
. . 
5) Support the pursuit of competitive strategies by 
ensuring consistency with new technologies and 
philosophies. 
6) Effectively capture cause~effect relationships 
between different activities in the enterprise 
and the incurrence of operational expenses. 
7) Enable effective reporting of accomplishments 
related to cost, quality and responsiveness. 
8) Enable identification of opportu~ities for 
performance improvement. 
9) Promote 9ongruence between the firm's 
.. . 
manufacturing strategy and subsequent evaluation 
of manufacturing operations; 
10) Encourage a certain desired type of behavior on 
. < 
the part of people responsible for implementing a 
strategy. 
. I 
,---./ 
11) Lend credibility to capital investments through 
more objective post audit evaluation using 
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multiple qualitative and quantitative measures. 
12) Enable progressive expansion of capital budgeting 
procedures through measures wh~ch help correlate 
benefits from improved quality, flexibility, 
rapid changeover, increased capacity etc., with iJ ~ . 
. \,. 
'".°!mp roved cost performance. 
13) Enable the correlation of physical productivity 
measures with financial profitability measures to 
make the capital justification task easier in 
future. 
14). Provide a sound basis for compensation plans for 
personnel in the strategic, operational.and 
tactical levels. 
15) Provide the rationale for reward or penalty in 
stakeholder relationships. 
I 16) Focus on solving tomorrow's problems inst~ad of 
unravelling yesterday's errors. ' ./
17) ·Ensure that the effort required to collect data 
for a given measure is commensurate with the 
strategic importance of that 1measure. 
18) Be dynamic- show improvement or deterioration 
/~~ trends instead of absolute, static or snapshot 
information. 
19). Measure only those variables and costs that are 
signifi9ant. 
20) Make waste and the contribution of waste visible. 
/ 31 
21) Expose variabilities and uncertainties in 
manufacturing processes and systems, and their 
impact on the throughput of constrained 
resources, inventory levels q.nd operating 
expenses of the firm. 
3.2 HIERARCHICAL APPROACH 
Strategic goals are implemented through personnel in 
the tactical and operational levels. It is desirable to 
r-have performance data fed back up the hierarchy through an 
interdependent set of subsystems, one at each level. 
Information from the operational level should be summarized 
' I. 
~ . and fed to the tactical level so that tactics can be 
periodically evaluated. Similarly, information with the 
tactical level must be summarized and sent to the strategic 
level so that the impacts of strategy as well its 
dysfunctional consequences, if any, can be understood and 
acted upon. 
3.~ FRAMEWORK FOR MANUFACTURING PERFORMANCE MEASUREMENT fl, 
The ''goal'' of a manufacturing organization is·· to make 
profit. From an external perspective, profit comes from 
being competitive, by being fully responsive to the needs of 
·<. the customer. Profitability is important both in the short 
term and in the -long term. · However, short term 
profitability should not·be achieved at the expense of long 
' 
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term profitability. For long term competitiveness, the 
. ' 
manufacturing.organization should endeavor to provid&·the 
desired levels of cost, quality and responsiveness· ,by 
initiating and sustaining programs of ongoing improvement in 
. 
each of these factors. These success factors are the 
"means" to achieve the ''goal". To operate strategically, it 
is therefore essential to monitor progress .in terms of the ' 
. 
11
·means '' adopted and its· impacts on the goal·. 
Goldratt's theory of constraints [43],[44] uses three 
global measures of manufacturing profit performance: 
throughput, inventory .and operating expenses. Throughput is 
the rate at which the system generates money not thr~~ 
., 
. \ production but through "sales". If something is p·roduced 
but not sold, then it is not throughput. Throughput is the 
• • money coming in. 
Inventory is all the money the system has "invested" 
in purchasing things which it intends to sell. It is the 
money currently in the system. Investment that can be sold 
is .. , inventory. By not including labor cost in WIP and 
treating it separately as an operational expense, the 
confusion over whether a dollar spent is an investment or an 
expense can be avoided. Depreciation is investment that 
! 
' cannot be sold. It is an operational expense. 
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-Operational expense is all the money .the system spends 
in order to turn inventory in~o throughput. It is the money 
that must'be _paid-to make throughput happen. It is money 
q 
going out. The goal is not to improve one measurement in 
isolation. The goal is to reduce operational expense·and 
inven~ory while simultaneously increasing throughput. 
From an internal perspective, profitability depends on 
throughput. Throughput, as already defined, is the rate at 
which the system generates money through_ ·sales. · Throughput 
• 
. , 
· could be_constrained by one or more resources whose capacity ~ 
,~. 
is less than the demand imposed on it. Besides capacity 
limitatio~s, there are several events that can further limit 
the output from an already constrained resource. Examples 
of such events include material shortages, poor incoming 
I I 
'I quality, setups, equipment downtime, scrap, rework and poor 
scheduling. Performance indicators developed should serve 
as yardsticks to measure the impact of such events on the 
throughput of constrained resources, as well as, their 
impact on inventory levels and operating expenses in.the 
• plant as a whole. 
The internal information on performance in many 
manufactu.ring organizations has been deficient and 
misleading. It is filtered several times, and it is 
"' secondary data: not process quality, but after the· fact. 
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customer complaints; not how fast manufacturing can react 
but how responsive warehouses are; plenty of broad measures 
. 
" like cost variances and labor efficiencies but no.details on 
the cause of th.e variances; and little, if any, measures on 
\ rates of improvement. The enterprise cannot be guided 
strategically based on secondary information. [ 
• • • World class manufacturing surely does require \! 
strategic lead~rship. The best strategy is to do things 
better and in the trenches [147]. According to 
Schutzenberger in [147], what we·have done so far is to show 
that strategy is simply one of the tactics and that any 
tactic can be viewed as some sort of strategy. The best 
leadership insists on visible measures of what is going on 
f 
in the trenches and on action to achieve a high rate of 
improvement. 
There is wide agreement am~ng world class 
manufacturing.revisionists. today that continual improvement 
;;,. 
in cost, quality, lead time and customer service is possible 
realistic, necessary and may be pursued in concert. In the 
pre-world class manufacturing era, the perception was that 
production could be managed by the numbers. The numbars 
would show what to make, what to buy and whom to blame. 
. 
. When variances occured, the numbers failed to show the 
causes •. Mostly, they did not;-even show symptoms of real 
' 
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problems [1~7]. 
" 
' 
Numbers do serve the world class manufacturer - when 
they show how good the product and service are, what 
problems to attack next and what the likely causes are. 
world class manufacturing mandates simplification and direct 
action: Do it, judge it, measure it, diagnose it, fix it and 
manage it on the factory floor. The only way a factory can 
,, 
be steered is for the factory people to sink multiple 
probes. Th~re are enough people ·available for it. The 
trick is to get them to sink the probes. Information on 
total manufacturing performance is the lifeblood of the 
manu.facturing o+ganization but certainly not the muscle. If 
used sensibly, it can nourish the muscle, otherwise, it can 
cause attrition. . 
. 
Reorganizing people and machines takes boldness, which 
is often a commodity in short supply. Some prodding may be 
necessary, and the best type of prod_is built into the 
performance measurement system. Visible measures of ·success 
are the driving force. History has shown repeatedly that 
. ~, 
whatever is measured • The answer to being a world improves • 
class manufacturer • to choose the right goals and to 1S 
organize the enterprise for continual progress against those 
goals [ 14 7] . ~ 
" 
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" The rate at which a system generates money through 
· sales is not just a matter of inter~al capabilities. Market 
demand.influences product mix and production volume. Market 
" 
tr demand is directly dependent on the firms' performance 
relative to its competitors. Customers' expectations of a \ 
product fall under one or more of th·e following depending 
upon the nature of the product, the.current phase of its 
lifecycle and the marketing environment: 
-
-
-
Cost 
Quality and 
• Responsiveness. 
Responsiveness encompasses success factors such as 
speed and reliability of delivery, flexibility, customer 
service, new product innovation, product customization and 
such others. Strategic perfo,rmance includes performance 
·against all factors critical to market success while the 
plant is operating in a stable steady-state mode. Producin~ 
products at acceptable cost, quality and perfo~ance levels 
does not mean a thing if the plant is always in a state of 
'\ 
chaos in -its attempt to meet the expected levels of· 
performance. Customer expectations have to be met with 
j) 
proper organization and with ease. All perforniance 
evaluations must be done with this in mind. 
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The proposed framework for strategic performance 
measurement organizes the requi·r~d feedback on strategic 
performance under four different heads: 
-
·! 
_,. 
-
-
Measures of cost-effectiveness, 
Measures of quality,. 
Measures of responsiveness and 
Measures of operational stability. 
Individual performance measures under consideration 
must be evaluated stringently in terms of their impact on 
., 
• 
constrained resources, the operating expenses and inventory 
levels in the plant. It is essential to use care and 
consideration beforehand when identifying information that 
might be useful. Poor information or wrong information can 
be useless, whether it is collected for manufacturing or· 
whatever else. Some important questions that must be asked 
are: 
Why is this measure needed? 
What motivation for improvement will it provide? 
How relevant is this improvement to the goal? 
What success factor will it favorably influence? 
. 
Who should be responsible for monitoring this? 
How feasible would it be to collect data for this? 
How frequently should this be reported? 
How will it influence decision making? 
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Could it result in deviation- from the goal? 
'I,, 
When properly chosen, performance measures can help 
~ 
internalize a radically changed view of what constitutes 
factory goodness. The functional requirements, framework 
and rationale developed in this chapter are used as the 
basis for the development of specific measures in the 
subsequent ·chapters. 
,'!,' 
-
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Chapter IV 
Measures of Cost-Effectiveness 
A survey by the National Association of Accountants 
[73] shows that the average distribution of the components 
of total cost is as follows: 
Material 53% 
Labor 15% 
Overhead 32% 
The actual distribution, however, would depend upon the 
nature of the industry, the product, the process, the 
organization of production operations, the customer service 
level and- the scale of the operation. The development, 
. 
adoption and termination of the use cost based indicators 
should be based on the fo~lowing rules: 
1) Don't measure costs that are insignificant. 
2) Stop measuring costs that eventually become 
I insignificant due to programs of continuous 
improvement adopted to reduce them. 
3) Resume measurement if the need arises. 
Hewlett Packard stopped measuring direct labor as a 
separate cost category since it was only 3 to 5% of the 
total cost (79]. This eliminated 100,000 journal entries 
' 
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per year.and great amounts of worker, manager and 
" 
accountants time that was consumed in labor cost tracking 
and analysis. 
' . 
The proposed mea~sures of cost-eff ecti '{eness are 
' 
grouped under the following heads: 
A. Material cost-effectiveness, 
B. Conversion cost-effectiveness and 
C. Lifecycle costs. 
4.1 MATERIAL COST-EFFECTIVENESS 
This section includes measures of cost-effectiveness 
of activities related to material procurement such as 
purchasing, vendor development, receiving, incoming 
inspection, raw material storage and point-of-use storage. 
These are activities concerned with making the right 
materials available ·for production in the right place and. at 
the right time. Relevant indicators of materi'al cost-
. . 
effectiveness are presented below. 
4.1.1 Total cost of materials purchased 
The total cost of materials purchased· is the cost of 
getting the right materials at the right time as well as the 
costs associated with not having the right materials at the 
right time. This includes the invoice cost of the material 
i~uts, all operating expenses associated with the . 
procurement proce.ss, expenses necessitated by uncertainties 
'-
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in procurement and finally, the loss in throughput caused by 
discrepancies in the quality, quantity, and delivery of raw 
materials • J':s':, 
. . 
·operating expenses related to procurement- consist of 
the following: 
1) Indirect overhead due to purchasing staff, 
·2) Vendor development costs, 
3) Vendor inspection/ audit costs, 
4) Incoming inspection costs, 
5) Freight consolidation and transport costs, 
6) Raw materials carrying costs, 
7) Cost of returning defective or wrong supplies and 
8) Expenses related to space, facilities and 
services in the purchasing office, receiving docks, 
• 
raw materials stores, incoming inspection etc., 
It may be observed that most .of these expenses arise out of 
activities aimed at reducing/ eliminating uncertainties in 
material inputs, that could eventually affect the throughput 
~ . from constrained resources. These expenses, by themselves, 
do not provide any clues for ongoing reduction in 
operational exper1ses. Probes to unearth individual sources 
of waste and opportunities for productivity improvement in 
the procurement process are required. 
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In mos:t .. companies the total cost of materials 
' . 
.. 
' 
. purchased has a sign~ficant impact on end-product cost and 
profitability. Uncertainties in procurement operations 
create.the tendency to order more than what is required. 
The excess raw material inventory has a carrying cost 
attached to it. Bad quality material inputs can waste 
productive time on constraints. Material shortages and 
delays can starve constraints. Besides causing loss of 
throughput, uncertainties affect competitive performance in 
many other ways:- poor due date performance, long lead times 
and post=shipment product failures. The opportunity .cost of 
lost future sales due to uncertainties in material 
procurement may be difficult to quantify on a regular basis, 
due to the complexities involved. However, a reduction in 
.,.· ',,t, 
. 
the total cost of materials purchased, as defined in this 
section, can be used as a global measure of improvement in 
procurement performance. 
4.1.2 Cost to spend a , dollar 
\ 
This is the ratio of the purchasing overhead to the 
,,., 
actual total invoice price of material inputs, in a given 
time period. The purchasing overhead in a given time period ,• 
is the sum total of all procurement related exp~nses in that 
time period, as discussed in Section 4.1.1. The high~r this 
ratio, the greatet is the operational expense incurred on 
obtaining and providing the right materials, of the right . ,·. 
,.,, 
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quality and quantity, at the right time. 
• 
, 
The only ·systematic way to reduce wasteful operational 
expenses, raw-material inventory and lost throughpu~ arising 
out of· uncertainties in procurement is vendor development-, 
• developing vendors who could be responsive to the demand 
I . 
' patterns and provide consistently high quality and reliable 
deliveries. The cost to spend a dollar is a .good global 
measure to-monitor improvements in the pFoductivity of 
material procurement operations. 
Fundamentally, procurement related expenses stem from 
activities undertaken to isolate manufacturing operations 
from the adverse impacts of variabil-1.ties in the quantity, 
quality and aelivery of material inputs. These activities 
are non va·lue-adding and therefore a "waste". The most 
serious consequences would involve starving constraints or 
producing scrap on constraints resulting in a loss of 
throughput. Lost throughput is lost profit. Therefore, a j 
. 
reduction in wast:e, uncertainty and/or throughput losses 
will improve cost effectiveness in manufacturing operations. 
Relevant indicators of the productivity of procurement 
operations that could expose sources of waste, uncertainty 
•V; 
and throughput losses are presented in the following 
J 
sections. These would be helpful in problem identification, 
problem solving and performance measurement. 
-- ----·•' 
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4.1.3 Percentage of receipts with quantity discrepancies 
A quantity discrepancy in material _inputs refers · 
either to the difference be.tween the quantity ordered and 
·that received or the difference betwee~ the quantity 
invoiced and that actually.delivered. . '- . Besides affecting 
trust and confidence between the manufacturer and the 
vendor, it induces ''uncertainty" in the procurement process 
and necessitates counting/ verification to ensure accuracy 
of inventory records. Incoming inspection whether manual or 
automated costs money and increases the dock-to-line 
. 
· leadtime. It is a non-value adding operational expense that 
can be reduced or eliminated through vendor development. 
Quantity discrepancies have more serious impacts ~n 
• 
profitability and competitiveness. They can potentially 
. 
starve constraine.p. resources resulting in loss of 
throughput. ·This,. in turn, could adversely affect due date ,, 
performance, leadtimes and customer satisfaction. Quantity 
,J 
discrepancies increase the total cost of materials purchased 
as defined in Section 4.1.1. The reduction in the 
percentage of receipts wi t.h quantity discrepancies is 
therefore one of the primary and dynamic measure of 
" uncertainty reduction and improvement in the cost-
effectiveness of procurement operations. To prevent short 
term mism·anagement of this measure, it is recommended that 
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it be used along with th~ previously defined measure, "the 
•' 
total cost of materials purchased". 
4.1.4 Percentage of receipts with quality discrepancies 
\"-:' 
A quality discrepancy in material inputs is said to 
exist when receipts fall short of design specifications. It 
. 
induces . "uncertainty'~ in the procurement process and 
necessitates incoming inspection to "control'' the quality of 
unreliable material inputs. This ·is a must because 
defective raw material has the potential to generate scrap 
at constrained resources and limit their throughput. 
Incoming inspection whether manual or automated costs money. 
It is a non-value adding operational expense that can be 
reduced or eliminated through vendor development. 
Uncertaint.y in incoming quality encourages the 
creation-of raw material buffers. This is intended for 
sustaining throughput when occasional lots of bad material 
escape incoming inspection and reach constrained resources. 
When scrap occurs at a constraint, it not only causes 
material losses but also profit losses due to reduced 
throughput. Incoming inspection also increases the dock-to-
line leadtime. This, coupled with the high r·aw material 
inventory buffers, increases the dollar-days of inventory 
held. 
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In summary, quality di~crepancies increase the total 
\' cost o·f materials purchased as·d~fined in Section 4.1.1. ,:, 
-· Bad incoming quality can be improved through vendor SPC 
' programs and penalties. The reduction in the percentage of 
.. 
receipts with quality discrepancies could therefore be used 
as another primary and dynamic measure of uncertainty 
r~duction and imprevement in the cost-effectiveness of 
material procurement operations. To avoid short term 
mismanagement of this measure, it is recommended that it be 
used with the i;freviously defined measure, "the total cost of 
materials purchased". 
4.1.5 Percentage of receipts rejected 
•<ff. -
Incoming materials are rejected when they fall short 
of specificat~ons and cannot be corrected within the factory 
premises for economy or policy reasons. This is a subset of 
the receipts with quality discrepancies. Materials are 
rejected through an incoming inspection process. Rejection 
could involve costs associated with returning materials back 
to the vendors and rescheduling to sustain throughput. 
Besides, the delays .caused by rejection could potentially 
starve constrained resources resulting in loss of 
throughput. The operational expenses associated with 
incoming inspection and the throughput losses arising out of 
bad quality can be reduced or eliminated through ven~or 
development programs. As a rejected receipt incre~ses the 
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total cost of materials purchased, the reduction in the 
number of receipts rejected is another measure of 
improvement in procurement cost-effectiveness~ To prevent 
short term mismanag~ment of this· measure, it is recommended 
t.hat it be used with the previously defined measure, "the 
total cost of materials purchased''. 
4.1.6 Percentage of receipts subject to incoming inspection 
Incoming inspection, as already discussed, is a non-
value adding activity, undertaken to cope with uncertainty 
in i~coming quality. This activity could be significantly 
reduced in its scope or eliminated if vendors could be 
developed to take full responsibility for building,,quality 
. into their products and for assuring consistent, good 
. quality deliveries. This would also eliminate the tendency 
to buy more than what is needed and create raw material 
buffers to cope with bad quality. Further, this would also 
improve ttock-to-line lead times and reduce the tot~l dolla~~ 
' 
days of inventory held. Though incoming inspection reduces 
the probability of bad materials reaching constrained 
resource, it does not eliminate uncertainty totally. In 
other words, the constraint.could still waste productive 
'"' .. 
. . 
time processing bad parts. The reduction ±n the percentage 
of receipts subject to incoming inspection could be uied as 
a measure of improvement iri incoming quality and procurement 
cost-effectiveness, if instituted along with a comprehensive 
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cost of quality reporting·system. It would then drive 
vendor development efforts ~nd eventually obviate the need 
for incoming inspection. ,If incoming inspection is reduced 
for reduction's sake, the costs of ~nternal and external 
failure and throughput losses are likely to escalate, 
thereby discouraging blind reductions in incoming 
inspection. 
4.1.7 Reduction in COQ to purchase price ratio 
The uncertainty in the quality of incoming materials 
requires some actions to isolate manufacturing operations 
from its adverse effects. Such actions include vendor SPC 
programs, on-site audits, incoming inspection and returning 
rejected goods back to the vendor. The cost of quality in 
purchased materials include the cost of these activities, 
the cost of scrap and disruptions in the production proce~s 
and the loss of throughput arising directly out of defective 
raw materials. Success in vendor development would result 
in a.progressive reduction in appraisal, failure and 
• disruption costs. The ratio of the cost of quality .(COQ) in 
materials purchased to the total invoice value of purchases, 
in a given time period,. could be used as a dynamic measure 
of improvement in the quality of material inputs and the 
cost-effectiveness of procurement operations. 
I , .. 
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4.1.8 Reduction in late· vendor deliveries 
. ,, Delay-s in the delivery of purchased materials ca)1 
cause. shortages, disturb production schedules, warrant 
rescheduling and setup tear downs, encourage creation of raw 
' 
material buffers, starve constrained resources and cause 
shipment delays. Delay in vendor deliveries is one -of the 
three main sources of uncertainty in the procurement 
· process, the others b_eing quantity and quality. ~Besides 
incre_asing operating expenses anq. inventory levels, delays 
have the potential to-starve constrained resources resulting 
in reduced throughp.ut. Delays in material deliveries affect 
the company both externally and internally- externally due 
to poor due date performance and internally due to poor 
profitability. Delays increase the total cost of materials 
purchased as defined in Section 4.1.1. The reduction in 
' late vendor deliveries is therefore another primary measu~e 
of improvement in procurement cost-effectiveness and 
competitive performance. In companies intending to become 
JIT producers, this measure would be particularly useful for 
.. identifying areas for improvement in material procurement. 
4.-1.9 Vendor base 
" The term "vendor base'' refers to the total number of 
suppliers the- organization is dependent upon for its 
production material inputs. The rationale in supplier 
development is simple: the quality, quantity and deliv1·ery 
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dependability goes up and the price comes down. Since too 
many suppliers means, too little attention to each of them, 
supplier development starts with supp~ier reduction. 1, 
According to Schonberger (147], when a supplier 
reduction program runs its course, the following results are 
observed: 
1) A typical supplier plant sells in much larger volumes 
to a much smaller number of customers than before. 
Vendors arid customers benefit from the economy of 
scale. 
. 
2) Long term contract9 replace short term purchase 
~ -l . 
orders. 
3) The supplier receives training, advance planning, 
information and sometimes even financial assistance. 
4) Some contracts provide for deliv~ring to a regular. 
daily rate rather than to irregular demands. 
5) Buyers at the customers plant take over the headache 
of making the freight arrangements. 
6) Contractual requirements are put in place;. to drive the 
supplier into the mode of continual and-rapid 
improvement. 
All these have the effect of reducing the oper~tional 
expenses related to procurement as well as the purchase 
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price of material inputs. Fewer, carefully chosen vendors 
could en~ure dependability of quality and delivery in 
material inputs. With such a vendor base, it will no longer 
be necessary to buy more than what is needed and create 
safety stocks. The reduction in the vendor base is 
• • 
• 
therefore a good indicator of procurement cost-. 
effectiveness and should correlate positively with reduction 
in the total cost of materials purchased. 
4.1.10 Percentage of qualified vendors 
A vendor is usually qualified on the basis of cost 
stability, quality consistency and delivery dependability 
over a standard observation timeframe. Qualified vendors 
are usually exempt from incoming inspection, count/ 
verification and sometimes authorized to deliver directly at 
• 
the point-of-use. They may be subject to occasional, ran~om 
audits. Qualified vendors co·ntribute to improved profit 
performance in three ways: the elimination of non-value 
adding activities reduces the operational expenses related . . 
to pt·ocurement; certainty in quality, quantity and delivery 
reduces the need for safety stocks; and dependability of 
material supplies to the constrained resources reduces 
tt~oughput lo.sses from starvation. All these benefits will {, 
help in minimizing the total cost o~ materials purchased. 
The increase in the percentage of qualified vendors is 
measure of success in vendor development efforts and should 
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therefore correlate positively with the total cost of 
materials p~rchased. 
4.1.11 Vendor 'proximity 
. This can be expressed as the average distance of 
vendor plants from the manufacturing plant. This could be 
computed by material category. Vendors located closer to 
the plant will f!nd it relatively easy to make freqiien~ 
... 
deliveries in Slllpller quantities. This would reduce the 
need fo·r large order sizes and raw material inventory. 
Delays in shipments from distan~ vendors.are relatively more 
probable. As already discussed, delays constitute one of 
the three sources of uncertainties in purchased materials. 
Delays affect profitability from every angle. They increase 
operating expenses incurred to prevent disruptions, the need 
for safety stocks, and lower throughput by starving 
constraints. Besides, delays increase lead times and 
deteriorate due date performance. Vendor proximity is a 
good but indirect measure of vendors' ability to make 
frequent, dependable and cost-effective deliveries in small 
• quantities. This is a good measure for companies intending 
to become JIT producers. 
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4.1.12 Raw material inventory 
Raw materials are purchased and stocked for several 
reas.ons:· 
1) To take advantage of favorable prices, 
. 2) To get quantity.discounts, 
.. 
3) High ordering cost relative to purchase price and 
4) Uncertainties in the quality and timeliness of 
vendor deliveries. 
It costs money to carry materials in stock due to 
financial charges, storage costs, manpower to. manage, 
material handling in stores, obsolescence and damage. Even 
if cost related benefits from material purchases are 
ignored, it may still be necessary to hold material due to 
uncertainties in delivery and long lead times. However, if 
reliable and responsive vendors can be developed, the need 
to stock can be reduced. Raw material inventory cannot be 
reduced for reduction's sake, without starving constraints 
' 
or disrupting internal operations in some way. It can only 
be reduced through a program of systematic vendor 
development. The intention of this measure is to put 
pressure on vendor development efforts and reduce.the total 
cost of materials purchased. A -reduction in raw material 
inventory dollars.will therefore be a measure of the 
. 
consequence of improved certainty in the· quality, quantity 
) 
· , and deli very of purchased materials. It is also a ··clear 
.. indicator of illtprovement in procurement cost-effectiveness. 
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4.1.13 Percentage of "point of use" deliveries 
. 
When material from suppliers goes right to the 
• 
\ ,' 
. production line, that avoids the extra handling and storage 
1 that comes from putting it into a receiving stockroom, 
·quality hold area or warehouse. This would be feasible 
particularly with ''certified'' vendors whose supplies are 
collected by the manufacturer's freight services. When 
materials are shipped at the-supplier's convenience,. some of tJ, 
the material is, likely to arrive before the user needs it. 
It goes into a stockroom and when material' is needed,· it 
must be handled again in order to get it to the production 
line. These activities cost money and represent non-value 
adding operating expenses. If point-of-use (POU) storage 
areas in the shop floor are finite in size, then the 
increase in the percentage of POU deliveries could be used 
as another indicator of cost-effectiveness in procurement 
operations. 
Constrained resources fed by material from POU storage 
areas run a lesser risk of being starved as direct 
deliveries circumvent potential delays at the receiving 
docks and eliminate associated uncertainties. Permitting 
no~-qualifiJd vendors to make POU deliveries for the sake of 
improving this measure can be very risky. Uncertainties in 
' 
such supplies can poten~ially cause loss in throughput due 
IJ• 
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to shortages and scrap at the constraints. 
4.1.14 Reduction in area of receiving docks 
·The areas in a conventional receiving dock are as 
. 
follows: Check-in and data entry area, incoming inspection 
area, count/ verification area, storage area for materials 
awaiting incoming inspection, quarantine area for materials 
awaiting clearance on disposition, and office areas. 
Supplier development, as already discussed, reduces the ne~d 
. 
for all receiving dock activities other than check-in and 
data entry. With reduction in such non-value added 
activities, it should also be possible to progressively 
downsize areas allocated in the receiving docks for such 
activities .. 
The reduction in the area of the receiving docks is a 
consequence of reduction .in receiving dock activities, 
which, in turn, is the outcome of systematic vendor 
development. It reflects a reduction in the operating 
expenses associated with procurement operations. However, 
if the space released is not used directly or indirectly to 
enhance throughput, a reduction in the area does not make 
financial sense. 
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As already discussed, the reduction in raw material 
inventory for a given production volum~ indicates 
improvement in the certainty .of quality, quantity and 
, delivery of purchased/ ·outsourced materials. With reduction I' 
· in·~a:w material inventory, the space required to carry it 
/ 
~ also ieduces. A reduction in the raw material storage area 
is therefore a consequence of progress in supplier 
:? development .. It is a measure of reduction in raw material 
carrying costs. However, if the space released is not used 
directly or indirectly to enhance throughput, an improvement 
in this measure does not make financial sense. 
4.2 CONVERSION COST EFFECTIVENESS 
These are operating expenses related directly or 
indirectly to the process of conversion of raw material 
inventory into finished goods. The cost effectiveness of 
manufacturing operations is significantly affected by 
dependencies in production processes as well as statistical 
fluctuations in the individual processes. C-A 'dependent event 
. . . refers to an event or a series of events tat must take 
place before another can begin. The subsequent event 
depends upon the ones prior to it. Statistical fluctuations 
are·caused by variances and uncertainties in the process. 
Relevant measures of conversion cost effectiveness should 
therefore expose sources of waste, non-value added costs, 
variabilities and uncertainties. A host of world class 
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variabilities and uncertaintief· A host of world class 
.manufacturing subgoals can be contained with two overriding 
goals: one is reduction o~ deviation and the other is the 
reduction of variability. 
(' 
An event is said to be subject to statistical 
fluctuations if its occurrence cannot be precisely 
predicted. A manufacturing plant can be characterized as a 
series of dependent events, NOTAindependent events as 
assumed for the purpose of line balancing. Further, the 
events are subject to statistical fluctuations, which means 
the actual output of each wo~kstation will vary over time. 
Uncertainties arise due to variability in setup times, 
process yie_ld, equipment av~ilability, absenteeism levels, 
• 
vendor delays and demand changes. Inaccuracies in planning 
information could also induce uncertainty. Fluctuatioris do 
not average out at the individual workstations but 
accumulate due to the dependencies. It is always an 
accumulation of slowness because dependency limits the 
opportunities for higher fluctuations. The overall 
throughput will most likely be less than the maximum 
. . 
potential of the individual stations. Inventory moves 
throµgh the system not in manageable flow but in waves.· The 
slowest workstation will therefore govern throughput. 
It must be realized that a manufacturing organization 
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is not a bunch of individual workstations but a pool of 
resources collectively responsible for attaining the 
required level of throughput. The goal is not to make 
. individual workstations productive but to make the whole 
system productive. Strategic measures put in place must 
encourage this orientation. The proposed measures of 
conversion cost effectiveness are presented in the following 
sections. 
4.2.1 Reduction in the average time per setup 
• 
The magnitude of setup or changeover time is a direct 
'\ 
measure of the resistance to change from processing one 
product or part to another. Besides affecting flexibility, 
it also consumes part of the available equipment capacity 
and reduces potential throughput. The throughput of a 
constrained resource is directly proportional to its 
productive utilization. \~.',,, .. "\-"> < The reduction in the average time 
per setup at a constrained resource would mean an 
improyement in its efficiency and throughput. Also, high 
setup times warrant large batch sizes to justify their 
sp~eadover, which, in turn, results in high WIP levels, long 
lead times, poor quality traceability, poor due date 
performance and high purge time for design change 
introduction. As this affects competitiveness from every 
angle, reduction in the average time per changeover is a 
direct·and dynamj.c measure of a company's potential for 
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conversion cost-effectiveness and.competitive performance. 
In organizations where flexibility is critical to success, fa '· 
. 
this is a good performance measure for general use at the 
equipment,. cell, department and plant levels and 
particularly for use at bottleneck workstations. 
4.2.2 Ratio of external s~tup to total setup hours 
External setup represents changeover related 
activities that are performed external to the machine and do 
not require the machine to be idle. This helps minimize 
actual internal changeov~~ time and artificially e~hances 
the flexibility ,of the process as well as its productive 
capacity. This is a good measure of changeover efficiency 
and is particularly appropriate for use at pottleneck 
stations, where production time is at a premium. This 
measure is likely to create an emphasis on externalizing 
setups and minimizing changeover time as opposed to reducing 
the total time per setup. To avoid dysfunctional 
consequences it must be used with the previously defined· 
measure "Reduction in average time per setup•• . 
., 
4.2.3 Percentage of single digit setups 
This is the ratio of the number of single digit 
setups to the total number of setups done in ·a given time 
period. This is a measure of changeover efficiency that 
could encourage setup.reduction projects to .knock setup 
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times down to a single digit figure. In capacity 
.constrained resources, reducing setup time can increase the I \ 
••productive II capacity, throughput and inherent process 
flexibility. This is a measure at the plant, department and 
.cell levels in organizations manufacturing rustomized 
products with wide··fluctuations in the product mix. 
4.2.4 Average batch size 
The batch size for a given operation is influenced by 
two factors: the setup time for that operation and the 
availability of spare capacity in that workstation. Wheri < 
batch sizes are reduced by half, we ~lso reduce by half the 
time it wou_ld take to "process" a batch. This means queue 
and wait times would be reduced by half as well. This, in 
~urn, reduces the time parts spend in the plant by half. 
Lead time condenses and the speed of the flow of parts 
increases. With faster turnaround on orders, customers get 
their orders faster. With shorter lead times it is also 
possible to respond faster. If the response to the market 
is faster, it provides a ,competitive advantage in the 
marketplace. Customers who need quick deliveries will 
~-
increase as marketing spreads the word about potential 
responsiveness levels that they could expect. This will 
~ 
show up as increased sales. With more bQsiness and more 
parts over which to spread the costs, operating expenses per 
unit are lowered and the company makes more pr·ofit. 
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Reduced batch sizes will require more frequent setups. 
() 
" When the batch sizes are cut in half, the number of setups J 
theoretically double. But if the increase in setup time is 
well within the existing idle time or protective capacity, 
the time and money saved may not be of high value. However, 
product flow through the plant is smoothened. The above 
, r"'· 
measure wifl tend to put pressure on setup reduction and 
flexibility improvement projects. Lower inventory costs and 
lead times would be the logical outcome. 
4.2.5 Constraint utilization 
Constraint utilization refers to the percentage of 
time the constrained resource is engaged in producing useful 
output. A constrained resource is one whose capacity is 
less than the demand imposed on it. The throughput of a 
system is restricted by the capacity of its worst 
constraint. Constrained resources determine the effective 
capacity of the plant. They are simply a reality. The flow 
' . 
through the constraint must therefore be made equal to the 
demand from the market. A hour lost at a constraint has the 
same impact as a. hour tost by the ··entire system. Lost time 
on a constraint is lost thro11ghput. The utilization of 
constrained resources is therefore very important. Goldratt 
and Cox [43] p5esent some guidelines to improve the 
·productivity of constr~ined workstations: 
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1) 'Locate constraints: Talk to expediters. They 
would know the parts they are missing' most of the time 
. 
and in which departments to go and look for them. The 
parts frequently in short supply are probably the ones 
that would pass through a constraint. 
2) Find more capacity:· Try to take load off the 
bottlenecks by using other resources. To increase the 
capacity of the·plant is to ·increase the capacity of 
only the constraints. Offloading could be one of the 
options. 
3) Incoming inspection: Ensure 100 percent good incoming 
parts. Bad parts do not contribute to throughput and 
would waste time on the constrained workstation. If a 
part is scrapped before a bottleneck station, all that 
is lost is a scrapped part. But if it is scrapped 
after it has passed through the bottleneck, valuable 
time is lost that cannot be recovered. 
4) Control constrained processes: Be sure that process 
controls on parts produced on the constraint are very 
good, so these parts do not become defective in later 
I processing. 
5) Avoid time wastage by making parts that are not 
currently required. 
6) Prioritize work: Work fed to bottlenecks should be 
prioritized on the basis of need. For example, 
overdue orders ·should be prioritized according to 
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7) 
delays. This would also help prevent shortages in 
··non-constrained workstations. 
Reduce batch sizes on non-constraints. 
Inventories must be withheld and r~leased according to · · 
constra·ints, otherwise, the required performance 
,, improvements cannot be attained. With improvement in the 
productivity of constrained resources, throughput improves. 
and bac;::klogs decline. This could p·ut more demand on other 
workcenters. If the demand on another workcenter ~xceeds 
its capacity, a new constraint will be created. 
The goal of this meas·ure is. to maximize throughput of 
constrained resources. This will automatically trigger 
efforts to improve setup, process control, preventative 
maintenance and scheduling methods at the constraints.· 
Typically constraints occur at stations with more expensive 
capital equipment that cannot be affordably duplicated. 
. 
- -, . .,.. They are a fact of life and need to be well managed. 
4.2.6 Reduction in the number of BOM levels 
. 
"-·-~ The number of levels in the bill of materials (BOM) 
repres·ents the number of individu.al levels, of dependent 
production subsystems required to produce a given end 
product. The flatter the BOM, the lower is the magnitude of 
dependency in the production system and more predictable is 
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the product flow and throughput of end product. The product 
' structure is largely a function of design and to a certain 
extent the manufacturing process. A reduction in the number 
·of levels in the B°C:>M can be achieved through methods such as 
I 
group technology, which capitalize on similarity of parts to 
reduce the number of individual stages in production. This 
also improves the manageability of production operations. A 
reduction in the number of BOM levels through product 
improvisation or new product design is a measure of the 
potential for cost-effectiveness in manufacture. It is also 
' an indicator of the quality of design. 
4.2.7 Improvement in BOM accuracy 
The bill of materials is an engineering document that 
specifies the ingredients or subordinate components required 
to physically make up each part number or assembly. An 
inaccurate bill of materials could result in one or more of 
the following: 
1) Omission of some components and/ or sub-assemblies 
from the production schedule leading td'" starvation of 
cons.,traints, delays and loss in throughput, 
2) Un·derestimation of quantity requirements leading -to 
(, 
st~rvation of constraints, delays and loss in 
throughput, and 
3) Overestimation of quantity requirements leading to 
excess inventory. 
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In summary, inaccurate BOM's ultimately result in operating 
expenses ~hich do not ·add value to the end product, but just· 
more. cost. The accuracy of the BOM is more difficult to 
measure than the accuracy of inventory records. The ratio 
,, .. ,; 
·~ f 
of the number of errors found to the total number of BOM 
records checked in each operating time period could be used 
as a measure. Though.this may not portray a comprehensive 
measure of BOM accuracy, it could still indicate improvement 
trends. It would also be a useful measure to evaluate the 
grade of MRP-2 implementation. 
4.2.8 
) 
r 
Inventory records accuracy ratio 
This is defined as the ratio of the number of 
quantity discrepancies noticed to the total number of 
individual inventory checks carried out in a given ·time 
period. Quantity discrepancies in inventory records could 
result in erroneous production planning. When stocks fall 
' 
short of records, constrained reso.urces can. potentially be 
starved. When stocks are in ~xcess of records, an 
.· unnecessary inventory buildup may occur. In either case, 
operational expenses are incurred but no value is added. As 
inaccuracies in inventory records indirectly· consume profit, 
they must be controlled and progressively eliminated •. The 
above ratio is a good measure of inventory r~cords accuracy· 
for use in·inventory management and MRP-2 type systems. 
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4.2.9 Increase in inventory turns 
This is the ratio of sales to the average level of 
inventory, computed on an annual basis. The higher this 
ratio, the greater is the throughput for a given level.of 
' ) 
·,,: 
~ inventory. In other words, 11 earnings'' . improve as the 
"turning" improves. Lower inventory levels mean lower 
carrying costs, smaller lead times, better due date 
performance, better quality traceability and lower purge 
times for new product introduction. Since all critical 
success factors are positively influenced by an improvement 
in ~nventory turr1s, the increase from one period to the next 
is indeed a significant global and dynamic measure of 
profitability and competitiveness. In a multi-product 
manufacturing plant it would make sense to compute this 
measure by end product type as it will lend itself to the 
analysis and improvement of inventory perf orictance by prod.uct 
line. 
4.2.10 Reduction in WIP 
Work in process (WIP) is defined as the absolute 
. dollar value of all materials issued to production that have 
i 
not been turned into end products ready for shipment. WIP 
cannot be zero as some units of product will have to be in 
the active processing stage at any point in time. WIP that 
is not under active processing is a waste. Therefore, it is 
important to minimize WIP that is not under active ,. 
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processing such as material waiting before operations, 
material moving between operations and.buffers in storage. 
Buffers in storage are created to live through periodic 
• 1,:, 
shortages caused by uncertainties in material availability, 
........ process yield, unsched':lled equipment downtime, absenteeism 
and such·others. Large batches of material waiting or 
moving are largely responses to high changeover times and 
-poor process flexibility. Therefore, WIP cannot be easily 
reduced for reduction's sake. 
Associated with WIP is a high carrying cost that 
represents a major non-value adding operational expense. 
"Reduction in WIP" as a performance measure will encourage 
or put pressure on improvements in total manufacturing 
performance ··through reduction in uncertainties, dependencies 
and statistical fluctuations in a systematic fashion. This 
f ' 
will improve the predictability of material supplies to·the 
constraints and minimize the occurrence of holes in their 
buffers. ') . . In turn~ this will reduce shortages at constrained 
workstations and enhance throughput. Low WIP also brings in 
all the strategic advantages of low inventory discussed in 
Section 4.2.9. In most companies, material costs and 
related overheads are a significant percentage of total 
product cost. Reduction in WIP will be a critical and 
dynamic measure of productivity, conversion cost-
effectiveness and profitability. 
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4.2.11 Finished go«Yds · in·ventory turns ratio 
·This is defined as the ratio of sales dollars to the ,, 
' 
total cost of finished goods inventory, in a given time 
- , 
\ r 
.,._, 
.period, ,to the total cost of finished goods invehtory. The 
total cost of finished goods inventory is the sum of the 
dollar value of the finished goods and all operating 
expenses incurred to carry it during a specified time 
period. 
Finished goods inventory is carried for two main 
reasons: 
1) To c~pe with uncertainties external to the 
manufacturing organization such as in market demand,; 
2) To isolate the marketing organization from 
manufacturing's inability to provide the desired 
~evels of resp·o·nsiveness, which, in turn, arises out 
~f uncertainties and statistical fluctuations within 
the manufacturing system and manifests itself in the 
fot-·1-n of long and variable lead times. 
The carrying cost of finished goods inventory is the 
price paid for not being able to deliver products as and 
p 
when demand arises. In many companies this represents a 0 
I 
large operating expense. The irony is that finished goods 
inventory, quite often, is perceived as the means to provide 
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the customers with the desired level of responsiveness. In 
fact, it just helps to isolate marketing from internal 
,i} 
.• 1' 
uncertainties and-does nothing to improve manufacturing 
performance. 
The inherent level of responsiveness in the 
organization can be improved through work flow streamlining, 
process control, preventative maintenance, enhancing 
accuracy of information, more efficient changeovers and such 
others. This will enhance the predictability of end product 
output and as a result, the need for finished goods 
inventory will decrease. This is the only logical way to 
reduce finished goods i11ventory without adversely affecting 
sales performance. Finished goods inventory costs should be 
viewed as conversion costs incurred to provide the customers 
with the desired level of responsiveness. The finished 
goods inventory turns ratio is a good measure of the cost-
effectiveness with which manufacturing·provides the desired 
level of responsiveness. This measure will encourage the 
pursuit of projects to improve flexibility and shorten lead 
times. 
4.2.12 Reduction in space required per unit of output 
Space represents part of the money "invested" in 
acquiring resources to support production. This investment 
has an opportunity cost associated with it. The space 
f 
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required per unit of output is a measure of space resources. 
that were committed. to achieve a given level of output, in a 
given time period. Excess floor area represents a waste and 
encourages the building of multiple inventory buffers. 
" 
Reduction in ra~ material, work-in-process and finished 
goods inventory, work flow streamlining and such others 
release space. Hbwever, if such space is not used directly 
or indirectly to enhance throughput, space savings do not 
make financial sense. In other words, it does not reduce 
the operational expens~s incurred to generate one unit of 
output.· The reduction in the space required per unit of 
output is a dynamic measure of improvement in space 
utilization from a profitability perspective. 
4.2.13 Space required per unit of capacity 
This is a good measure of facilities and.production 
systems design. The use of this measure for comparing 
design alternatives would encourage space efficient design, 
while configuring new or improved production lines or cells. 
4.2.14 Reduction in unplanned absenteeism 
~ Unplanned absenteeism causes an unpredictable 
fluctuation in ttte availability of manpower to perform tasks 
related to production. This uncertainty has the potential 
• I to cause sG:hedule· disruptions,. temporary bottlenecks,, starve 
and aggravate the impact of existing constraints, encourage 
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breation of buffers, reduce throughput and increase the 
operational expenses required to attain a given level of 
output. The reduction in unplanned absenteeism over time 
period to another is a p~imary and dynamic measure of 
uncertainty reduction in human inputs. 
4.2.15 Reduction in unscheduled downtime 
Unscheduled downtime is a primary measure of 
uncertainty in availability of production equipment. It 
-
reflects the lack of effectiveness of preventive maintenance 
(PM). The goal· of preventive maintenance is to minimize or 
if possible eliminate unscheduled downtime. This calls for 
maintaining the equipment so often and so thoroughly that it 
hardly ever breaks down, jams or misperforms during a 
production run. There is nothing like an equipment failure 
to turn a continuous processor into its opposite number 
[147]. Unscheduled downtime.at a workstation may 
necessitate rescheduling of all other dependent activities, 
render overtime necessary; and encourage creation of safety 
stocks. These consequences of unscheduled downtime tend to 
increase WIP inventory and operational expenses. The cost 
of unexpected downtime depends on the type of resource, its 
location in the production sequence and its capacity in 
relation to market demand. Also, disruptions in schedule 
that result in late shipments.could mean lost future sales, 
" 
the cost of which is not easily quantifiable. Unscheduled 
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downtime is an important measure particularly for 
workstatio~s upstream of the conitraint and the constrained 
resource itself. This is because process interruptions 
upstream can potentially starve the constraint while 
1,. ,, downtime at the constraint means a proportional loss of 
throughput. In summary, unscheduled downtime can have a big 
financial impact on a plant•s·operation. The reduction in 
unscheduled downtime is not only a dynamic measure of 
improvement in PM effectiveness but also a critical measure 
of uncertainty reduction and conversion cost-effectiveness. 
4.2.16 Reduction in total cost of maintenance (TCOM) 
The goal. of maintenance management is to mini"mize 
the total cost of maintenance, whi_ch is the operating 
expense incurred to keep production resources up and runni~g 
during the schedt1led operating hours of the factory. When a .. 
planned preventive maintenance takes its course, there 
.should be a gradual shift in the cost distribution from 
breakdown costs to prevention costs. After a period of time 
the total cost of maintenance activities should begin to 
reduce. The reduction in the TCOM is a global mea~ure of ,, 
cost effectiveness in plant maintenance operations. It may. 
not be very sensible to~cut preventive maintenance spending 
for the sake of showing improvement on this measure. In the 
~ long run, this would only result in iricreased breakdo~n 
costs and disruptions·to schedules and further deterioration 
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in due date performa:r1ce. To avoid short term mismanagement 
of this measure, it is recommended that it be used along 
\ 
with the previously defined measure, namely, "Reduction in 
unscheduled downtime". 
4.2.17 Ratio of preventive to total maintenance cost , 
Preventive maintenance is maintenance that is 
carried out during a planned downtime period. Breakdown 
> 
maintenance refers to activities. related to bringing a 
machine back up after it goes down unexpectedly during a 
production run. This affects machine utilization and is 
particularly crucial to sustain throughput from constrained 
resources, where time lost is throughput lost. Also, 
breakdowns cost the company more due to the associated 
indirect costs of the disruption. The total maintenance 
cost is the sum of the ,preventive and breakdown maintenance 
costs. Preventive maintenance costs include all operating . 
. 
expenses incurred to conduct preventive maintenance 
operations. Breakdown·costs should include the cost of 
repair, as well as, the cost of unscheduled downtime during 
the repair,. at the workstation being repaired. For a given 
production volume, the increase in the ratio of preventive 
maintenance costs to the total maintenance cost is a good 
indicatpr of uncertainty reduction and improvement in the 
cost-effectiveness of maintenance operations. 
14 
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4.3 LIFECYCLE COST 
The lifecycle cost of manufacturing a product includes 
costs incurred on behalf of that product over its entire 
lifecycle. The lifecycle commences with the initial 
identification of a need and extends through product 
planning, research, design and development, equipment 
. 
acquisition, startup, production, subsequent reconfiguration 
of facilities and equipment, logistical support, customer 
service, support in the field and ultimately phasing out or 
exiting from the mark~t (Sodhi and Henderson [158]). 
Equipment acquisition costs include purchas-e price, 
freight, insurance, engineering, installation charges and 
initial technical training. The capital portion of the 
price may be eligible for investment tax credit, reducing 
the net price. Startup costs include the cost of space, 
power, air-conditioning and other facilities required to 
accommodate the product. Reconfiguration costs include the 
cost of modifications to existing systems and lost 
production time while the system is being modified. 
Pro"duction costs include operational expenses ~~ch as 
energy, related iabor costs, maintenance, depreciation, 
interest expenses, continued technical training, cost of 
\ 
~') 
quality, inventory costs and provision of reserve or backup 
capacity. Exit costs include ·disposal of non-repairable or 
obsolete physical elements of the manufacturing system. 
' 
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Figure 4.1 shows product· life cycle costs and revenues over 
time. 
The idea behind using life cycle cost as a performance 
measure is to maximize long run profits from selling the 
product. Profit, in this context, is the. difference between 
total revenues and life cycle costs to the. producer, 
incurred in manufacturing and selling the product. The 
residual value of non-obsolete production equipment used for 
an earlier product is transferred to the next product line 
that uses the same equipment. It does not form part of the 
lifecycle costs of earlier projects. When a product manager 
is made rt:rsponsible for the life cycle costs of the product 
he would therefore be mindful of the longevity of benefits 
from costs incurred. 
,~,, 
Several benefits can be gained through the use of life 
cycle costs as a long term performance measure. First of 
all, while acquiring capital equipment there would be more 
emphasis on flexibility so that exit costs while transiting 
from one product to the next can be minimized •. The tendency 
to get cheaper equipment due to the concern over payback can 
be averted. Functional features built into the 
manufacturing system may contribute to long term value in 
• various.ways: 
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Figure 4.1: Lif ecycle costs and revenues over ti.me 
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- Increased production capacity or throughput, 
- Ability·to provide better quality and reliability in 
the end. product and enhance value to the customer, 
- Increased flexibility to change from one product to 
the next with minimum modification and exit costs, 
- Ability to sustain continuous physical redesign to 
expand competitive advantage, 
- Ability to add functions and permit wide product 
differentiation, 
- .Prevent the introduction of new products from 
rendering the installed equipment base obsolete and 
thereby raise concern for both entry and exit costs. 
The second benefit from the use of life cycle costs 
and revenues is concern fo_r long term profitability and 
concern for value to the customer (Forbis and Metha [ 32]) .• 
This is true because the price the customer pays is a 
r 
function of the product's lifecycle cost._ Finally, the use 
of life cycle costs will provide management with a tool to 
evaluate investment in a new product with a· long ter1n 
perspective. 
Measures related to achieving, maintaining and 
improving quality in material inputs and production 
processes are dealt with in the next chapter. 
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Chapter V 
Measures of Quat·fty 
·,_.,, 
Quality is a critical competitive factor in today's 
Y) 
environment with many firms striving to improve the quality 
of their products. As more and more firms are successful in 
~ their efforts to improve quality, increased quality and 
associated productivity gains would be requ.ired to maintain 
market share and current profitability. Because of the 
,_ ......... 
impact of quality on market share and profits, quality 
management is an important factor in achieving productivity 
gains and increasing, or at least maintaining, profits. 
The goal of any manufacturing organization is to 
maximize profits. Two important ways to attain or improve 
profitability are: 
1) Designing a product for quality, manufacturability, 
testability and reliability and 
2) Maximizing conformance in manufacture. 
These activities help in minimizing the total cost of 
production and enhancing value to the customer. Cost 
savings come from higher yield on inventory inprits and lower 
operational expenses in the manufacture-of the product. 
Higher yield improves throughput and spreads operating 
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expenses over a large number of good production units, 
. 
resulting in a lower.total cost per unit. Enhancing product 
value to the customer, sharing cost advantages with them and 
good on-site product performance result in improved sales. 
~ Fundamental to quality management are relevant 
indicators of quality performance. The objectives for 
quality performance measurement would be: 
1) To understand the impacts of quality on operating 
costs, productivity and profitability, 
2) To evaluate quality of design, quality of manufacture 
and field performance of the company's products and 
~) To identify and solve quality problems and continually 
improve productivity and profitability. The scope of 
this task should include procurement, production, 
distribution, field support and customer service. 
The proposea·architecture for such a system consists 
of two subsystems of perf o.rmance indicators: measures of 
.. 
absolute quality and measures of the cost of quality. 
Measures of absolute quality would include measures of the 
quality of design, the quality of conformance and factors 
that affect the value to the customer such as product 
reliability, field support and customer service. Measures 
of t-he cost of quality would include ratios between -
prevention, appraisal, internal failure and external failure 
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costs. These could be computed by product, by division, by 
plant or by any other meaningful catego~y. 
I 5.1 QUALITY OF DESIGN \. 
Quality Qf design refers to the d~gree of conformance 
between customers' expectations of a product and the design 
specifications for the product [126]. Today, it is 
reasonable to say that customers expect products of 0the 
;• ' 
highest quality at the lowest price delivered to them 
quickly with all the features and options of their choice • 
. 
A product whose design allows a company to meet these 
expectations is a well-designed product. However, from an 
internal perspective, such design should .also permit profit 
maximization, otherwise, it does not make business sense. 
The quality of product design should therefore be 
evaluated based on its potential for profitability. A 
design that permits easy and economic manufacturability, 
requires · minimum raw ma·terial inputs and provides high a 
functional value to the customer will provide maximum 
potential for profitability. Such design will minimize the 
total cost of manufacturing and supporting the product as 
well as enhance its sal~s potential. A set of indicators of 
the quality of design are presented in the following 
sections. 
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5.1.1 Number of different component parts 
The number of different component parts in an end-
product determine the number of different materials to be 
purchased, inspected, stored, moved, processed, tracked, 
scheduled and controlled. Purchasing a part requires 
identifying, developing and certifying new vendors. 
Inspection of some types of parts may require special 
purpose test equipment. Storing each type of part will 
., 
" 
require a unique bin location and separate processing of all 
receipts and issues. Processing each part requires a unique 
route sheet that.is developed after extensive engineering 
analysis, process planning and tool design. It may often 
require part specific workstations, tools, fixtures and 
process control procedures. Scheduling, tracking and 
controlling parts as they flow through the factory involve 
transactions that are often proportional in number to the 
variety of parts handled. With increase in the number of 
different parts, the above activities result in an increase 
in manufacturing complexity, as well as, the operational 
expenses to manage that complexity. Therefore, the smaller 
the part variety in a given product, the more economic it 
would be from a manufacturability standpoint, and greater 
JI"",. 
would be the potential for minimizing the total cost of 
manufacture. 
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5.1.2 Number of BOM levels 
The bill of materials presents an explosion of the 
sub-assemblies and component parts in a given end product. 
Theoretically, each sub-assembly b,ranch of a BOM can be . 
processed independently of the other. In any bill of 
materials, the part numbers at any node of the tr_ee cannot 
be processed or assembled until those in the branches 
below. so, tne taller the bill of materials, the higher is 
the level of "dependency" in the manufacturing process for· 
a given end product. Due to statistical fluctuat·ions in 
individual processes dependency limits throughput. The 
higher the dependency, the lower is the throughput from the 
same resource base. It is therefore advantageous to have a 
design that is n1odular and has a flat BOM structure. In 
other words, for a given total number of parts in an end 
product, a BOM with few levels will provide for easier 
. manufacturing manageability, lower lead times and operating 
expenses and better throughput, than one with more levels. 
5.1.3 Number of threaded fasteners per product 
American manufacturers often have to resort.to 
0 automation of manufacturing processes to remain competitive. 
The adaptability of a product's design for automated 
manufacture becomes very important in this context. 
Experience has shown that it is very difficult to automate 
screw type fastening operations ,even with modern and 
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fiexible equipment such as robots. The number of th~eaded 
fasteners in a product represents the minimum n.umber of 
operations that would be difficult to automate. Therefore, 
the number of threaded fasteners is indeed an effectiye 
indicator of design inadequacy for automated manufacture. 
·/) 
5.1.4 Number of component loading directions 
\ 
Experience has shown that it is easy to automate the. 
manufacture of products which are designed to be assembled 
bottom up. In such a design, components would be loaded 
from the top ·downward either vertic,.ally or at an angle to 
the vertical. Designs which require components to be 
assembled from multiple directions, would increase the 
complexity and cost of automation. 
5.1.5 Total estimated cost per unit 
The total cost of manufacturing a product is largely a 
function of the ease of manufacturability, which in turn is 
dependent on its design. Therefore, the estimated total 
cost per ~nit is a good ind~x to compare alternate designs 
and to evaluate.design improvements. These are relevant 
indicators for the evaluation of new products and 
engineering changes in exis.ting products. 
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5.2 QUALITY OF CONFORMANCE 
' 
~uality of conformance re~ers to the degree to which a 
product or service conforms to its design specifications. 
'·· It is assumed that the product has been designed to meet 
customer expectations and needs. An analysis of quality 
costs usually will reveal a negative correlation between 
quality of conformance and costs for items such as 
appraisal·, scrap, rework, warranty repairs and product 
liability. High quality of conformance also means satisfied 
customers - a necessity for repeat business. 
Productivity is a measure of the efficiency of 
resource use. The more productive use of resources reduces ; 
waste and conserves scarce or expensive resources. The 
relationship between, quality of conformance, productivity 
and production costs can be summarized as f o'llows: 
1) Higher quality of conformance means lower rejection 
rates. 
2) Lower rejection rates means less waste of materials, 
labor and higher throughput. 
3) .Less waste of inputs means greater output for a given 
level of inputs, ~esulting in lower costs per unit of 
output. Also, higher throughput enables the. 
distribution of operating expenses over a larger 
number of good units, further reducing the cost per 
unit. 
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Increased productivity, achieved by producing a higher 
percentage of conforming products, can increase profits in a 
number of ways. A fundamental effect of increasing· 
·productivity is a lowering of unit costs. Furthermore, high 
quality pro~u9ts may sell at a premium. The lower unit 
costs and higher selling prices produce a higher unit 
. 
· contribution margin and increased PFOfits. Even if selling 
prices are held constant and the sales volume remains 
unchanged, lower unit costs mean a higher unit contribution 
margin and, hence, increased profits. If the improved 
quality with unchanged sales prices results in a higher 
sales volume, profits will increase even more. If 
management elects to pass the cost reductions on to 
customers in the form of lower prices, the price reductions 
may result in increased sales volume and hence, increased 
profits. 
Information on the qual·i ty of conformance could help 
in two ways: 
1) It could provide ,.a highly relevant measure ·of 
productivity, particularly that related to the 
consumption of materials purchased and those to which 
value has been added through prior operations, and 
2) It could help identify and solve quality problems and 
institute a program of con~tinuous improvement in 
•, ':~ 
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quality and .profitability to sustain competitiveness. 
Different types of yardsticks to measure the quality of 
conformance are proposed in the following sections. 
5.2.1 Reduction in incoming inspection 
' This is defined as the reduction in .the percentage of 
receipts subject to incoming inspection. When the quality 
of materials purchased is consistently good, the need for 
incoming inspection progressively reduces,. This, in turn, 
reduces the need for inspection staff, space and other 
resources at the receiving docks. The reduction in incoming 
inspection staff, the reduction in floor space for incoming'-
inspection, the reduction)in the number of receipts subject 
to incoming inspection, the reduction in the number of 
receipts rejected and the increase in the percentage of 
qualified vendors are measures of the consequence of 
improvement in the conformance of materials purchased. 
These seco~dary measures reflect the quality of the firms' 
material inputs, the success of vendor development efforts. 
The redtiction in incoming inspection is a primary measure of 
improvement in quality in incoming materials. Incoming 
inspection cannot be reduced for reduction's sake as it 
would show up as a deterioration in other in-plant quality 
related performance measures. 
/ 
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5.2.2 lmprovem.ent in yield 
T~e yield of a process, usually expressed as a 
fraction or a percentage, indicatE!s the ratio of the 
confor111ing useful output to the total input. It does not 
generally include output that can be reworked upon and 
corrected. It is a basic measure of first-time-through 
" process productivity. Enhancement in the first time through 
capability of constrained resources and other resources 
downstream of the constraint results in higher throughput. 
The improvement in yield may be computed as the difference 
between the current yield and the original yield. It is a 
primary and dynamic indicator of improvement in conformance. 
5.2.3 Reduction in scrap 
Scrap refers to items produced that do not conform to 
design specifications and which cannot be corrected through 
rework for economic or technical reasons. Scrap is a 
measure of wasted input. The occurrence of scrap has two 
,, 
implications: one is the wastage of raw materials and the 
other is the loss in throughput. Throughput is lost if 
scrap occurs at the constraint or at operations downstream 
of the constraint. Since reduced throughput means reduced 
profits, the actual financial implication of scrap is much 
higher than the cost of materials wasted. Scrap also has 
the tendency to mask the clarity of manufacturing 
,. 
8.8 
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operations. Therefore, reduction in scrap could also be 
used as another indicator of reduction in process 
uncertainty. Scrap expressed in terms of absolute dollars, 
would be a good measure to prioritize areas for corrective 
f 
action. When expressed as a percentage of total inputs 
(percentage scrap), it provides the relative magnitude of 
,. 
'• 
inputs wasted. Improvement in conformance is best expressed 
as percentage reduction in scrap. 
·, 
5.2.4 Reduction in rework 
Rework refers to non-conforming output from a process 
that can be economically corrected into useful output. 
Experience has shown that reworked items, particularly in 
the electronic industry, lower the functional reliability 
('-< 
of the systems they fornt part. In general, rework is 
additional work and represents a waste. Reworked items 
could cost the company even more due to internal and 
external failures._ Rework expressed as. a percentage of 
total useful output is a measure of the magnitude of rework. 
Reworking may or may not be more cost-effective than 
scrapping. Reworking bad parts that have already passed 
t I 
"/ through constraints may increase throughput and help secure 
profits from sale of products which could have oth~rwise 
been lost. This is another useful measure to help direct 
quality improvement efforts aimed at enhancing first-time-. 
through capability. The percentage reduction in rework is a 
89 
-,- primary and dynamic measure of impr:ovement in first-time-
through capability. 
5.2.5 Defects per million parts 
A defect is a deviation in a quality characteristic 
from design specification. It could be minor, major or 
critical. Minor defects may not result in defective output. 
In other words, products could leave the factory that have -
one or more defects that do not affect the functionality of 
the product in any significant manner. However, in the 
interest of better quality, stricter standards, better 
product reliability and repeat sales it is essential to 
reduce or eliminate occurrence at the source. Companies 
have used data on defects to identify and solve quality 
problems and successfully reduced defect levels to few 
defects per million parts produced. For a given production 
volume, the percentage reduction in the number of defects 
per million parts, is a good customer oriented measure of 
improvement in conformance. It can enhance the visibility 
. . . 
of numbers pertaining to defect occurrence. When statistics 
' 
on "defects per million" are maintained by organizational 
unit or by defect type, it could serve as a problem 
identification and prioritization_ tool. 
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5.2.6 
,,· 
Reduction in defects per unit shipped 
''Defects per unit shipped" is the ratio· of the total 
number of defects reported by customers in a certain time 
period, to the total output of end product in units, during 
the same time period. The reduct_ion in defe.cts per unit 
shipped is a not only a dynamic measure for improvement in 
the quality of conformance in goods sold but also a critical 
indicator of customer satisfaction. When defects are 
fi( 
classified into different \ategories, the data, on this 
• 
measure can provide the focus for corrective action. 
\ 5.2.7 Reduction in returned goods 
This includes products sold to the customers that for 
. 
. some reason have failed to meet the specified ievels of 
. performance and were.rejected by the customers. The 
percentage reduction in the number of such occurrences or 
the dollar value of s·uch occurrences is a primary and 
dynamic measure of improvement in customer satisfaction and 
in the functional performance of the goods sold. 
5.3 PRODUCT PERFORMANCE 
This term "product performance" is used to refer to 
~ the functional performance of the end product under normal 
working conditions. This should relate to the level of 
satisfaction or dissatisfaction the customer is likely to 
derive from the use.of the product. Some me~sures pertinent 
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to product perforEance are proposed in the following 
sections. 
5.3.1 Qn-site reliability 
,, 
</ 
,:_/ 
The reliability of any product or equipment is the 
ratio of mean time between failures to the mean time to 
repair. The on-site reliability of a given product··:;may be 
computed as the average of reliability levels reported by 
individual customers. The only drawback of this measure is 
that it is based on external data. However, it is ·a good 
primary measure of functional performance for products where 
availability is an important factor for customer 
satisfaction. Examples of such products would include main 
frame computers, .CNC machine tools, automated production 
machinery, automobiles and such others. On-site reliability 
is a customer oriented measure of a product's functional 
performance. 
5.3.2 Reduction in calls for service 
The reduction in the number of calls for after sales 
service excluding those for periodic preventative 
maintenance and failures cause by factors external to the 
product (like accidents in automobiles), is a good primary 
and dynamic 
consequence 
.. r.eliabili ty. 
measure of customer satisfaction. It is the {~,/ . 
. . / of improvement in product performance and 
If this customer-oriented measure is computed 
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and monitored by product, it could help focus ·problem 
identification and solving. 
5.4 COST OF QUALITY 
Quality, as already discussed, has a big impact on 
market share and costs. The measurement, planning and 
control of quality costs can yield many benefits to an 
organization interested in improving the quality of its 
products and services. A quality cost system helps 
management determine the financial importance of quality and 
provides clues to the areas in which resources should be 
spent to improve quality. Improved quality can lead to 
lower costs, higher productivity and greater profits. 
Quality costs provide the economic common denominator 
through which pla·nt management and quality control 
practitioners can communicate clearly and effectively·in 
business terms. Quality costs also provide the basis for 
evaluating investments in quality programs in terms of cost 
. .,,_ 
improvement, profit enhancement and other benefits [126]. 
Understanding the nature and classification of quality 
costs is a prerequisite to the development of relevant cost 
based measures of product quality. Also, the utility of 
such performance, measures depends on the way quality cost 
data is summarized and presented. 
,. 
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Quality costs are costs incurred either because poor 
.,; qual.ity may exist or because poor quality does exist. In 
' defining and measuring quality costs, a quality product is 
one that conforms to design· specifications. Quality costs 
are grouped into two broad categories: 
1) ,. Costs incurred because poor quality of conformance can 
exist - prevention costs and appraisal costs. 
2) Costs incurred because poor quality of conformance 
does exist - internal failure and external failure 
costs. 
Prevention costs are incurred to prevent defects in 
design, procurement and delivery of products. · Appraisal 
costs are incurred to identify nonconforming·units before 
they are shipped to customers. They also include the cost 
of activities required to appraise the design of a produc~ 
or process. Internal failure costs are incurred when 
materials, components or products are identified as 
nonconforming before they are shipped to customers. 
External failure costs are incurred when nonconforming 
J:l products are shipped to customers. 
...... -- .~~ .. -. 
5.3.1 Quality cost classification scheme 
A quality cost classification scheme is presented in 
Table 5.1 below. This could vary widely among different 
organizations and depends both on the needs of users and the 
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imagination of personnel who qeve·lop reportipg formats. The 
actual classification is less important than the proper 
identification and measurement of quality costs, as long as 
the classification scheme is consistent across all quality 
cost reports subject to aggregation or comparison. 
Table 5.1: Quality Cost Classification Scheme 
1) Prevention costs 
- Des'ign review 
- Vendor quality support 
- Quality planning and administration 
- Quality circles 
- Quality engineering 
- Quality training 
- Quality systems audit 
- statistical process control 
- Experimental design studies 
, 
- Systems development 
- Supervision of prevention activities 
2) Appraisal costs 
- Vendor inspection 
- Incoming inspection and test 
- Maintenance and calibration of test equipment· 
- In process inspection and test 
- Final inspection and test 
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- Reliability testing 
- Dep.reciation of test equipment 
- Supervision of appraisal activities 
3) Internal failure cost~ 
- Design revisions and corrections 
- Vendor product rejects 
- Material reviews 
- Net cost of scrap 
f 
1 - Rework labor and overhead 
- Reinspection/ retest of reworked product 
- Net cost of downtime due to quality problems 
- Disposal of defective product 
- Defect cause analysis and investigation· 
- Opportunity cost of products classified as 
seconds \ 
4) External failure costs 
- Cost of, responding to customer complaints 
- Investigation of warranty claims 
- Warranty repairs and replacements 
- Product liability costs 
- Product service 
- Traffic damage 
- Product recalls 
- Cost of goods rejected by customers 
• 
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The elements of the cost of quality listed in the 
classification above are self explanatory and no attempt is 
made to elaborate on them. Trends in quality costs are a 
key indicator o·f the success of an organization's quality 
improvement efforts. They determine whether or not quality 
impr·ovement programs have shiftetl the mix of quality costs 
among the four categories and resulted in an overall 
reduction in quality costs. When there are period to period 
changes in the level of throughput (activity level), trends 
in quality costs are shown more meaningfully by restating 
quality costs as a percentage of some standard measure that 
reflects true output. 
5.3.2 Uses of quality cost information 
Quality cost information can be used to: 
1) Indicate the financial significance of quality costs, 
2) Help identify the relative importance of quality 
~ 
problems, 
3) Indicate if there is a maldistribution of quality 
.costs, 
4) Establish goals or budgets for quality costs, 
5)· Evaluate the performance of quality improvement 
activities and 
6) Evaluate capital expenditure proposals. 
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The most important use of quality cost information is 
to indicate the financial significance of quality. ~n 
awareness of the of the real size of qu~lity related costs 
will motivate managers and other employees to improve 
product quality. Studies have indicated that quality costs 
\ 
-for many u.s.companies range between 10% and 20% of total 
sales, while careful management can reduce quality costs to 
2.5% of sales [126]. 
Quality cost information can help prioritize quality 
problems only through a cost database that accumulates 
quality costs by organizational unit ~nd by product. The 
important point is that a detailed analysis of quality costs 
can direct management's attention to the quality problem 
that is most important from the standpoint of profitability. 
Once this problem is solved, attention can be directed to 
-the next most financially significant problem. 
Quality cost information is useful in indicating a 
maldistribution of quality costs. . . Figure 5.1, often 
discussed in quality control literature [126], shows a line 
graph depicting possible shifts in quality costs as an 
improvement program is introduced. In Period 1, little 
effort is made to prevent or detect nonconforming products. 
Prevention and appraisal costs are low. Because· few 
,defective products are identified prior to delivery, 
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internal failure costs are low, while external failure costs 
are quite high. Efforts to identify defective products 
increased during Period 2. Consequently there was a 
significant increase in appra~sal and internal failure 
costs, accompanied by a decrease in external failure costs. 
In Periods 3 and 4, quality improvement efforts are expanded 
to include prevention. These efforts to "do it right the·· 
' 
·first time" begin to pay off in Periods 5 and 6 as total 
quality costs decline, especially in the categories of 
internal and external failure. Because there is a smaller 
probability of producing defective units, appraisal 
activities are also reduced. Increases in prevention are 
financed by a portion of the savings in failure and 
appraisal costs. The net result is a substantial reduction 
in the cost of quality and an increase in the level of 
quality. 
Once management understands the financial significance 
•·,', 
of quality costs, the relative financial importance of 
quality problems, and the distribution of quality costs 
among the categories: prevention, appraisal, interna,l 
failure and external failure, it can begin to establish 
goals or pudgets for quality costs. Budgets.for quality 
costs are a potentially significant way pf controlling 
quality costs. Management can plan for reductions and 
shifts in the distribution of quality costs. The process of 
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budgeting provides the benqhmark for gauging the progress 
that results from quality improvement efforts. 
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Past quality cost information could help budget for 
savings from major capital expenditures. The cost 
classification scheme can serve as a checklist to make sure 
that management considers all relevant costs and deter1nines 
whether each cost will be affected by the proposed 
expe~diture. It can also be used to predict possible 
• savings. 
5.3.3 Measures based on quality costs 
The distribution of quality costs changes when a 
quality improvement program takes its course. Measures 
based on cost offer a convenient means to track trends in 
individual cost types as well as shifts in total quality 
costs with time. Three such measures are proposed below. 
5.3.3.1 .Total cost of quality (TCOQ) 
The total cost of .. quality could represent a major 
operational expense and a fairly significant percentage of 
the total cost of sales. The goal of quality improvement 
programs such as SPC and TQC is to maximize quality of 
design and confo~ance an~ progressively minimize the total 
cost of quality. A reduction in the TCOQ shows up as a 
corresponding incr'ease in gross profits. This measure may 
be susceptible to short teiin mismanagement. There may be a 
.... 
tendency to cut down prevention and appraisal activities to 
show reductions in the total cost of quality. However, such 
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reductions increase internal and external failure costs and 
often outweigh the short term cost savings. As discussed in 
section 5.3.1, the total cost of quality declines only after 
quality programs reach a certain level of maturity. Cutting 
down on prevention and appraisal programs may reduce ~ality J 
costs in the short term but certaihly without improving 
quality. In the long run, the reduction in the total cost 
of quality will be a positive and dynamic measure of 
improvement in the quality of goods produced. It is also a 
global measure of the maturity and accomplishment of a 
quality improvement program. 
5.3.3.2 Increase in ratio of prevention costs to TCOQ 
According to a survey conducted by the National 
Association of Accountants (126], major cost sav~ngs are 
realized by identifying quality improvement_projects that 
will cause costs to shift from appraisal and failure 
categories to prevention.- Once these projects are 
identified and implemented, total quality costs often are 
reduced, but even if they are not, the shift in costs is 
perceived to be beneficial. A shift in costs from appraisal 
and external f ail.ure to pre.vent ion usually means higher 
quality products are being produced or that quality is b.uilt 
into the product •. This will have a favorable impact on 
future productivity and profits. The increase in the ratio 
of prevention costs to the total cost of quality, hence, is 
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a direct and dynamic measure of improvement. in product 
quality and potential for long term profitability. 
5.3.3.3 Increase in ratio of conformance costs to TCOQ 
, 
Conformance costs are the sum of prevention and 
appraisal costs. - Nonconfor~ance costs are the sum of 
internal failure and external failure costs. The total cost 
of quality {TCOQ) is the sum of the conformance and·· 
nonconformance costs. An increase in the ratio of 
conformance costs to the total cost of quality indicates a 
trend towards building good quality into the product. This 
measure would become relevant only when a quality 
improvement program t~kes its course and a shift in the 
distribution of quality costs from nonconformance costs to 
conformance costs begins to occur. 
5.3.4 Limitations of quality cost information 
Quality cost information has some inherent 
limitations. Some frequently cited limitations include: 
1) Quality cost measurement does not solve quality 
problems, 
2) Quality cost reports do not suggest specific actions 
to improve quality, 
3) Quality costs are susceptible to short-term 
mismanagement, 
4) It· is difficult to match effort and accomplishment, 
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5) Important costs may be omitted from quality cost 
reports, 
6) Inappropriate costs may. be included in quality cost_ 
reports and 
7) Many quality costs are susceptible to measurement 
errors. 
It is most important to recognize that quality cost 
management and reporting does not solve quality problems. 
Management action is required for improvements in quality. 
Quality cost analysis is merely a tool that can facilitate 
better quality and productivity. 
Quality costs are susceptible to short term 
mismanagement. If immediate cost reduction is the stated· 
objective of quality improvement and quality cost 
measurement programs, often it is poss·ible to reduce quality 
costs in the short run without improving product quality. 
In fact, quality ~ay suffer as cutbacks in prevention and 
appraisal result in immediate short-ter1n cost savings. The 
';J long run consequences are likely to be increased failure 
costs. Reduction in the total cost of quality and 
improvement in profits should be regarded as long run goals 
of a quality improvement program. The short-run goal must 
be to improve quality and productivity. Reductions in 
quality costs· occur as a consequence of succes·sful quality 
I 1 
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management. 
Important quality costs are often omitted from quality 
cost reports. Costs often excluded include the opportunity 
cost of lost sales or customer ill will, the profit lost 
.. 
from lost throughput, manufacturing overhead costs and 
; 
administrative costs. The.omission Q.f these costs can 
significantly understate external failure costs. 
Inappropriate costs may be included in quality cost 
reports although this problem is not likely to be as 
significant as omission of relevant costs. Write-offs on 
'I ~-obsolete goods that happen to be nonconforming, cost of 
rework due to changes requested by a customer are some 
examples of inappropriate costs. 
Like many other kinds of cost accounting information, 
quality cost information is subjective and susceptible to 
• 
·measurement errors. The determination of the portion of a 
supervisor'~ time assigned to prevention, appraisal and 
failure is likely to be based on percentage estimates made 
by individual managers rather~han detailed time reports. 
Overhead costs included in quality cost reports are subject 
to the same measurement and cost allocation problems that 
~1 
plague ~11 overhead calculations. If the opportunity cost 
' 
of lost sales or customer ill-will is included, it is again 
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based on subjective estimates. 
~n. light of the above, it may be co~cluded that while 
-
quality cost information is a useful portion of a total 
quality improvement program, an overemphasis on quaiity 
~ 
costs as the singl'e measure of success in quality 
improvement programs must be avoided. 
•' 
In summary, measures of quality of design can be used 
for the evaluation of competing product designs. Measures 
of the quality of conformance can be used for shop floor 
J 
problem identification, problem solving and for evaluation 
of improvements in process quality. Indicators based on 
quality costs can serve as global measures for determining 
the effectiveness of a quality improvement program. 
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Chapter VI 
Measures of Responsiveness 
There are some factors related to operational 
performance that are seemingly non-financial and 
significantly affect the organization's responsiveness to 
the customer. Performance against these customer oriented 
factors strongly influence operating costs, current profits, 
• 
potential for future sales and market share. Measures of 
responsiveness can be grouped under five main heads: 
1) Cumulative lead time 
2) Delivery performance 
3) Custon1er service performance 
4) Flexibility 
5) New product innovation and introduction 
6.1 CUMULATIVE LEAD TIME 
Cumulative lead time, for the purpose of this 
research, is referred to as the total time that slapses from 
the instant a prospective customer shows interest in the 
firms products to the time goods are delivered and payments 
are collected for the sale of goods. During this period, a 
number of value adding and non-value adding activities take 
place, each causing a certain amount of ''delay". An 
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awareness of the components of cumulative lead time is 
,. 
essential to plan and reduce. it and thereby improve 
responsiveness to the customer. A list of the components is 
presented below: 
'' 
Components of cumulative lead time 
A. l\farketing lead time 
1. Responding to inquiries 
2. Contract acceptance 
3. Sales booking/ order entry 
B. Manufacturing lead time 
1. Design/ engineering 
2. Design approval 
3. Production planning and scheduling 
4. Purchase order release 
5. Vendor lead time 
6. Receiving 
7. Incoming inspection 
8. Stocking 
9. Order kitting/ staging 
10. Dock to line/ stores to line move time 
11. Fixturing/palletizing and defixturing/ 
). depalletizing 
(/ 
· 12. Queue time before operations 
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13. Setup or changeover time 
14. Run time or actual processing time 
15. Process control time 
··16. Delay or wait time during/ between operations 
17. Quality assurance/ control 
18. Packaging 
,, 
.19. Invoicing/ dispatch 
V 20. Shipping and transportation 
C. Post shipment lead time 
1. Installation and commisioning 
2. Customer acceptance 
3. Collecting payments for sales 
The above list may vary from company to company and 
industry to industry. In any case, the most important 
concern customers have with respect to delivery is lead 
time. Excessive lead times can downgrade factors like cost 
and quality in importance and adversely affect the potential 
I 
for future sales. Meeting internal due dates does lead to 
meeting external due dates, and that made yesterday's 
undemanding custome~ happy. Today's custome~ _expects that 
it will be on time; the competitive issue is, "What is the 
lead time?". Managing lead times can therefore provide an 
enormous edge on competition. 
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Traditionally, marketing and manufacturing objectives 
have been opposed to a large degree. Marketing, on the one 
hand, wants a fast response to shifting demand that often 
cause quick production schedule changes and greater expense 
in overhead and in premiums to vendors to accelerate on 
the.ir deliveries. Manufacturing, on the other hand, wants 
gradual schedule changes in order.to minimize product cost,· 
inventory and operational expenses and maximize throughput. 
But this posture reduces responsiveness. The answer to this 
problem is to maintain the shortest possible lead times for 
processing, assembly and test in order to allow maximum 
responsiveness to schedule changes without harming 
inventory, cost and throughput objectives. 
' The interrelationships between production lead- times 
and the objectives of schedule performance, inventory and_ 
operational expenses are often ill understood. Lead times 
affect manufacturing-marketing relationships, .production, 
planning and control, distribution performance, and, as a 
' 
result, are highly important to a company's success. 
Shorter lead times improve responsiveness to schedule 
changes, thereby softening the effects of economic cycles 
and forecasting errors. Shortening lead times can also 
improve customer service, reduce inventory and reduce 
product costs. 
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one by one, top companies are coming to the conclusion 
that reducing lead time is a simpl·e and powerful measure of 
how well they·are doing. Lead time is a sure and truthful 
measure because a plant can reduce it only by solving 
problems that cause delays. These problems cover the entire 
gamut: order entry delays and errors, wrong blue prints or 
specifications, order backlogs, long and variable setup· 
times, large lots, high defect counts, machines that 
breakdown, operators who are not well trained, supervisors 
who do not coordinate schedules, suppliers that are not 
dependable, long waits for inspectors or repair men, long 
transport distances, multiple handling steps, multiple 
queues and buffers, and stock.record inaccuracies and 
inadequacies. Lead times drop when problems are solved. 
Lead times drop fast when problems are· solved fast (147]. 
,, 
6.1.1 -Lead time measures 
Performance measures for lead time, like all other 
performance measures, have,a three fold objective: 
1) Problem identification, 
2) Setting targets for improvement and 
3) Providing direction and motivation for problem 
solving. 
Problem identification requires detailed information on the 
relative.impact of different activities on lead time. 
Un~erstanding the relative magnitude of the different 
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components of lead time will help identify and prioriti~e 
··areas for improvement. Secondly, performance measures 
should serve as tools to set measurable targets for 
improvement in lead time. Finally, measures related to lead 
time should encourage progressive reduction of lead time. 
They should focus on lead time improvements in areas that 
cause the biggest delays and bottlenecks. Some performance 
measures related to lead time are proposed in the following 
sections. 
6.1.1.1 Reduction in manufacturing lead time 
For the purpose of this research, this is the total 
time taken to de~;ign, engineer, produce and ship the 
product. All activities that affect manufacturing lead time 
(MLT) take place within the factory premises. Therefore, 
reduction in MLT is a good measure of improvement in total 
plant operations. 
6.1.1.2 Reduction in design lead time 
Lead time to get ready for manufacture is often $, . 
overlooked. S~ort lead times to produce the designs and 
specifications are vital to the world class manufacturer. 
This is particularly important for firms whose niche is to 
customize products to individual customer needs. These 
firms must endeavor to continuously reduce the design and 
engineering times that go into the customization process 
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through the use of appropriate technologies. The reduction 
in the average design lead time would be a good dynamic 
measure of improvement in pre-production responsiveness. 
6.1.1.3 Reduction i11 productio11 lead time 
Production lead time includes the time taken to 
procure materials, plan, schedule, produce and ship products 
to the customer. These include components B3 - B20 of 
manufacturing lead time. These are essentially shop floor 
activities. The reduction in the pr~duction lead time is .a 
good dynamic measure of improvement in the responsiveness of 
shop floor operations. If this measure is reported at the 
department or cell level, it can help assess the relative 
impact of different shop floor activities on lead time and 
prioritize them for lead time improvement projects. 
6.1.1.4 Reduction in dock-to-line time 
The dock-to-line time refers to the average time 
taken by purchased material to reach the production line 
from the instant it is delivered at the receiving docks . 
. This could include elements like transaction accounting, 
incoming inspection, counting, verification, quarantine, 
rV 
handling and raw material storage. "Reduction in the dock-
' to-line time" is a good operational level performance 
measure to encourage development of vendors who can be 
trusted to make direct deliveries to the point of use, the 
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deliveries being of the right quality, quantity and timing. 
Raw material storage is resorted to primarily to cushion the 
.. 
shocks arising out of vendor uncertainties. Developing 
qualified vendors can significantly reduce procurement and 
dock-to-line lead times. 
6.1.1.5 Reduction in post-shipment lead time 
~ ... __ .J 
A manufacturing organization earns money only on 
receipt of payments made against goods delivered. The 
collection of payments could be delayed for a number of 
reasons: product not meeting expected levels of performance, 
incomplete or unsatis·factory installation and/ or non-
adherence to customer acceptance criteria of some sort. It 
must be realized that finished goods that have not been paid 
for are as good as inventory. The opportunity cost of money 
locked up in goods delivered is an operational expense. It 
is therefore necessary to eliminate causes that delay 
payments. Post shipment lead time is the time that elapses 
from the instant goods are physically delivered at the 
customer's premises to the time customer's acceptance 
criteria are met and payment is received for the goods 
supplied and services rendered. The reduction in post 
shipment lead time is a good measure of improvement in the 
responsiveness and cost-effectiveness of post shipment. 
operations. 
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6.1.1.6 Reduction in constraint cycle time 
A constrained resource is one whose capacity is 
less than the demand. It restricts 
1
throughput and time lost 
on this resource is time lost on the entire system. 
Similarly, production time gained on this resource is time 
gained on the entire system, until the capacity on the 
constraint just equals the capacity of the resource with the 
next higher capacity. One way to gain capacity on a 
resource is to reduce the cycle time, hence the above 
measure. 
. .. 
6.1.1.7 Reduction in flow time, by organizational unit 
The term organizational unit, for the purpose of 
this research, is used to refer to a production cell, line, 
shop or department that contributes to the total 
manufacturing lead time .. Flowtime refers to the time taken 
by a given production order to flow through a certain 
segment of the plant. Measuring flowtime by organizational 
unit helps to segment the total lead time into components. 
,. 
·' 
The goal is to expose the relative impact of different 
organizational units on lead time. This will he~p identify 
and prioritize areas for improvement in lead ·time. Also, 
the reduction in flow time is a good operational level 
measure to evaluate the responsiveness of the individual 
organizational units. ( 
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6.1.1.8 Average vendor lead time 
This refers to the average time taken by vendors to 
make a delivery after the receipt ,of a firm order. As this 
is one of the components of total manufacturing lead time, 
it affects the responsiveness of the firm. When vendor 
development programs take their course, sharp reductions in 
procurement lead times have been observed. The average 
vendor lead time is a good operational level measure of 
vendor responsiveness. It is also useful for evaluating 
progress in vendor development program. In instances where 
incoming material is rejected and sent back to the vendor, 
the vendor lead time should be computed as the actual time 
taken to receive an acceptable delivery. 
6.1.1.9 Number of BOM levels 
The number of levels in the bill of materials· 
typically indicate the number of individual, dependent 
stages in the manufacture of a product and the number of 
waiting queues associated with it. cutting down the number 
of BOM levels, reduces the number of dependent processes in 
a series. For a given level of statistical fluctuations, 
this has the tendency to reduce lead time. Increasing the 
modulari~y of the design flattens the bill of materials 
structure. The number of parallel processes may increase 
but the number of consecutive steps within each parallel I, 
process will deci·ease. The number of BOM levels is a good 
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measure of the susceptibility of a product's design for 
quick manufacture. 
6.1.1.10 Reduction in WIP inventory 
.. This is a secondary measure of lead time 
reduction. Work-in-process (WIP) reduction is an almost 
unrecognized benefit of lead time reduction. The size of 
WIP inventory is related to manufacturing lead times. If 
lead times are reduced by a week, we would need one week's 
less material requirements to support the same scheduled 
output. This means that no material will be released at the 
gateway (initial) workstations for a week. This suspension 
also relieves some of the workload of personnel assigned to 
the gateway workstations, who would otherwise keep busy 
producing to stock. Reduction in WIP inventory is a useful 
measure to correlate improvements in lead time with 
improvements in inventory levels and understand their 
interrelationship better. 
6.1.1.11 Reduction in average hatch size 
The average batch size is the mean of the lot 
sizes used during a given time period. The smaller the 
batch size, the smaller is the queue time before each 
operation and faster is the flow of product through t.he 
entire production sequence. This shows up as reduced lead 
time. The reduction in the average batch size during a 
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gi:v-en time period is an indirect measure of lead t:ime 
reduction and is also useful for correlating reductions in 
batch sizes with impiovements in WIP and lead time. This 
. 
will help gain a better understanding of their 
interrelationships. 
" 
6.1.1.12 Reduction in shortages 
A shortage refers to non-availability of materials 
for an operation,·that was unexpected. Shor~ages disrupt 
production plans, necessitate rescheduling and setup tear 
downs, often starve constrained resources and increase the 
lead time"to achieve the target throughput levels. In 
summary, shortages cause delays and increase the production 
lead time. The reduction in the number of material 
shortages, when used as a performance measure, will put 
pressure on projects to improve production planning methocts, 
vendor development, preventive maintenance and process 
. -
control and thereby minimize the extent of variabilities and 
uncertainties that affect lead time. 
6.1.1.13 Reduction in flo,v distance 
The flow distance for a given product refers to 
the total distance materials flow through the plant during 
. 
the course of processing, assembly and test. This decides 
the total material handling time, which could often be a 
substantial fraction of the production lead time. The 
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reduction in flow distance is good measure to evaluate 
alternative layout configurations, and cell or line designs 
. 
from a lead time perspective. 
6.1.1.14 Reduction in processing lead time 
Processing lead time refers to the total flow time 
through the processing shops. Typically the initial 
production stages in discrete manufacturing are processing 
operations. Some of the components to be eventually 
assembled are made in this stage, while the rest are bought 
out. Flow times through processing, assembly and test could 
• 
significantly vary in duration. For problem identification 
and prioritization purposes, it therefore makes sense to 
measure lead times in each of these areas, independently. 
The reduction in processing lead time is a measure of 
improvement in the responsiveness of the process shops. 
6.1.1.15 . Reduction in assembly lead time 
Assembly lead time refers to the total flow time 
through all the assembly operations. Assembly flow time 
could be affected by capacity constraints in processing 
shops besides factors specific 
assembly lead time with causes 
to assembly. Monitoring 
ff for delays could provide good 
leads for constraint management and help reduce total 
assembly time. The reduction in assembly lead time is a 
measure of improvement in the responsiveness of assembly 
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shops. 
6.1.1.16 Reduction in · test lead time 
... 
Test lead times are often affected by high test 
cycle times, the need to group several end products together· 
to collectively administer the test procedures and/ or 
capacity constraints of some sort. It is desirable to 
monitor test lead time as a separate variable to understand 
its impact on manufacturing lead time. The reduction in 
test lead time is a measure of improvement in the 
.•· 
responsiveness of product testing departments. 
6.1.1.17 Lost sales due to excessive lead time 
This should be an unbiased record of sales 
believed to be lost as a result of customers' unwillingness 
to tolerate quoted delivery times. This should be 
maintained by product. Information on this could help 
.,2. understand the criticality of short lead times to the 
product line under consideration as well as to put pressure 
on efforts to take focussed, corrective action. This is a 
fundamental measure to assess impacts of long lead times on 
competitiveness. 
6.1.1.18 Production lead time to work content ratio 
The work content in a product refers to the actual 
processing time, the time during which value is added to the 
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product. The lead.time to work content ratio is a measure 
of the efficiency of time usage in responding to customer 
needs. The ideal is 1 to 1. According to Schonberger 
[148], a good ratio, which is not often achieved, is 2 or 3 
• to 1. Bad and typical is a ratio of 5, 10, 20, 100, 1000, 
r 
·) 
'br more to 1. In order to reduce this ratio, problems 
related to transport, setup, down time, raw material, 
machine variation, operator methods and such others need to 
be solved. The use of this ratio as a performance measure 
will therefore force reduction in non-value added times. 
This ratio can be used at the workstation, cell, department 
or plant level as part of-a drive to create a low inventory 
Q 
environment. 
6.1.1.19 Process rate to demand rate ratio 
This is the ratio of the actual processing rate to 
the demand rate at -the next process. The process rate is 
not the average output rate, which wouid include stops for 
setups, down time and breaks, but the functional rate. 
Furthermore, the ratio applies to a single part number, not 
to several different part numbers processed through the same 
workcenter. According to Schonberger [148], the ideal ratio 
is 1 or 2 to 1. A ratio of 2 or 3 to 1 is good. Bad and 
typical ratios are 5, 10, 20, 100, 1000 or more to 1. This 
ratio improves (tends closer to unity) when process.rate 
differences between consec-utive processes are smoothened 
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which, in turn, reduces inventory ac~umulations between 
processes and increases throughput. This is a good local 
I 
• I. 
measure at the workstation or cell level particularly for 
the\management of critically constrained resources and other 
.reso\rces for which there is a mismatch between production 
\ 
\ 
and u,e rates. 
6.1.1.20 Pieces to ,vor ksta tions ratio 
This is the ratio of the number of pieces to the 
number of workstations or operators in a production line or 
line segment. Every idle job, every idle piece, every 
container in transit or in queue between processes raises 
this ratio. This ratio is an effective tool to analysis of 
office work and production systems. . ~ According to 
Schonberger ( 14 a] , the ideal is ,l or 2 to 1. Good ratios 
are 2 or 3 to 1. Bad and typical are 5, 10, 2 O, 100, 500., 
or much more to 1. Reducing the physical distance and 
buffers between consecutive processes, reducing lot sizes, 
quicker material handling and such ~thers improve this 
ratio. Like the preceding two ratios, this ratio is 
particularly helpful in setting targets for improvement. 
6.1.1.21 Reduction in storage steps 
'·•' Work-i11-process stockrooms are the biggest 
obstacles to smooth production flow. Stockroom steps 
between consecutive operations, besides disrupting . 
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.. production flow, result in additional load and unload steps) 
require,move tickets to be prepared, increase travel 
distances, cause stock room delays, increase inventory 
" transactions, cause damages during transit and storage, 
lengthen lead times and do not allow the use of· simple, 
lighter types of material handling equipment to link 
•• 
., 
consecutive processes. It therefore makes sense to have th~'-, 
normal flow of the product be direct from workcenter to 
workcenter. This would result in a close time linkage of 
processes in the flow and the absence of stockroom delays 
would further reduce lead time. The reduction in the number 
of storage steps would be an effective operational level 
measure to encourage steps toward lead time reduction. 
6.1.1.22 Reduction in average time per setup 
" The total amount of time spent on setting up the 
workstation represents a significant percentage of the 
available capacity in some processes. It is not always 
possible to schedule materials to arrive just after setup. 
Materials do tend to wait before machines while they are 
' being setup. This delays flow and increases lead times. 
Reduction in the average time per setup is a good 
operational level measure at the workstation, cell or 
department levels. The use of this measure would place an 
emphasis on-reducing changeover times and improving 
flexibi;Lity. 
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6.2 DELIVERY PERFORMANCE 
The need to improve due date performance is felt byl ... 
many plants. The causes of poor due date performance are 
seemingly external to the plant: unreliable vendors or 
customers who are constantly changing their minds by adding 
orders, canceling orders and changing due dates. These 
conditions do exist and heavily impact a plant's ability to 
deliver on time. However, according to Goldratt [44], the 
real problem lies in the level of work-in-process inventory. 
A typical production forecast is quite reliable for 
some period of time into the future, then the validity of 
the forecast drastically deteriorates within a very short 
period of time. -Customers do not place orders and commit 
themselves to specific due dates before the-commonly 
observed lead time for the.delivery of the product offered. 
Consequently, production forecasts for the product will not 
be reliable beyond the valid forecast horizon for the 
industry. The length of the horizon will be dictated by the 
low inventory competitors in the industry because their lead 
times will be the shortest. 
If operatir1g inventory levels are higher relative to 
' the competitors, it means that the production lead time is 
longer than the valid forecast horizon of the industry. As 
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a result, a high inventory company's production plans are 
based on pure guesses and not on a reliable forecast. When 
operating inventory levels are lower than the competitors, 
the firm can enjoy an enviable position that gives it an 
inherently more accurate forecast. When production is 
started, a firm order or a valid forecast, which is much 
less likely to change, is available. Since production plans 
are driven by more ~~liable information, it would be 
possible to give reliable requirements to the vendors. A 
prime reason that vendors canno~ deliver reliably is because 
manufacturers keep changing their requirements on them, the 
same way customers are_,changing their requirements on the 
manufacturer. 
In summary, meeting due dates or alternatively, the 
ability to adhere to delivery dates is aided by short lead 
times, wh_ich, in turn, is heavily dependent on•work-in-
process levels. Therefore, performance related to lead 
times and due date performance are- cross related. Some 
direct measures to keep a tab on due date performance are 
proposed in the following sections. 
6.2.1 Percentage of on-time· deliveries 
This is the percentage of deliveries made within the 
agreed time frame. Deli*ery, in this context, does not 
refer to shipment from the factory, but delivery and 
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' ' . installation at the customers' premises as promised. 
6.2.2 Percentage of correct shipments - quality & quantity 
This refers to the percentage of total shipments for 
.. 
which no quality or quantity discrepancies were reported by 
the customer. Often, this could be a good mea:sure of 
customer dissatisfaction. Due date performance does not 
mean a thing, if the quality and quantity of goods delivered 
or services rendered fall short of customer expectations. 
This is a critical performance measure and prompt action 
should be initiated to favorably influence this number. 
6.2.3 Reduction in lead time variance 
Statistical fluctuations in manufacturing lead time 
(MLT) indicate two things: firstly, uncertainty in the 
actual duration of activities ·that constitute manufacturipg 
lead time and secondly, the possibility of not conforming to 
an agreed delivery date. Considering the numerous 
. 
activities that affect MLT, a certain amount of variability 
is to be expected. However, the key issue is that 
' 
' 
variability should not result in late shipments. The 
reduction in the variance (square of the standard deviation) 
of MLT is a good measure of improvement in the 
predictibility of shipping dates, as well as, the chances of 
adhering to the predicted dates. 
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6.3 CUSTOMER SERVICE PERFORMANCE,-
These are measures intended to eva·luate promptness of 
service to the customer in areas such as providing 
information on products and prices, field support, supplying 
. ,
spare parts and such others. These services can 
dramatically influence customers' perception of quality, 
service and the firm's pe.ople. Monitoring customer .service 
is therefore of strategic importance to the firm. 
6.3.1 
fl 
t \_ 
Inquiry response time 
This is the time taken by the organization to respond 
to customer c.iueries related to products, specifications, 
options, pricing, customization possibilities, delivery 
period and such others. All this requires timely and 
accurate information. This is particularly critical for 
manufacturers of customized products with numerous options. 
For such companies, response to inquiries can be a real 
strain, if proper information is not available or difficult 
to retrieve. The delayed response may be perceived as lack 
of enthusiasm and could result in losing a prospect. The 
reduction in inquiry response time would be a useful measure 
of front end responsiveness, if the data required to compute 
it is collected without bias. 
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6.3.2 Spare parts· lead time 
customers are likely to order spare parts to meet an 
emergency need. Long lead times for spare parts dould mean 
a lot of inconvenience and may be perceived as poor after-
sales service. '!'his could in turn affect future sales. The 
reduction in spares parts lead time one of the good measures 
of improvement in the quality of after sales service. 
6.3.3 Average response time on service calls 
. This is the average time taken to respond to a request 
for after sales service. The information on this measure 
could be segregated under routine service and emergency 
service to get a better quantification for customer's 
perception of sezvice quality. The reductionain the average 
response time is another good measure of after sales 
I service. 
6.4 FLEXIBILITY 
Flexibility comes from the Latin word for bendable 
(Zelenovic [175]). A flexible system has a. capacity to 
'y change which is built into the system and does not require 
any external resources to adapt itself. It can operate 
efficiently in many different circumstances or continue to 
function ef~iciently despite change. Such a system has 
, 
. . 1 built-in absorbency, robustness or tolerance to change. 
128 
,! 
In industry, the word flexible means adaptable and 
capable of change. Changes could occur in product design, 
the state of the production system (including machinery, 
production methods, information systems and personnel) and 
in the nature of market demand. Changes such as these 
impose demands on various subsystems of the manufacturing 
organization either in the short term or in the long term. 
Flexibility, therefore, is a measure of a system's ability 
to adapt to these "demands of change''. 
Short term demands include the need to quickly replan 
.. in order to manage equipment breakdowns, material shortages, 
absenteeism, schedule changes and such others. Design 
changes and production rate fluctuations allow relatively 
larger response times but -could also demand effective 
adaptation in the short term. Medium to long term demands 
could include the need to initiate production of new models 
with minimum exit costs and additional investment. It has 
always been difficult to fully understand the nature and 
/-,·,··., 
scope of internal and external uncertainties. Therefore, to 
manage these uncertainties effectively and remain 
competitive, appropriate types and levels of flexibility 
must be "built ir1to 11 the various subsystems of the 
manufacturing ent:erprise. 
r 
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6.4.1 Types of · uncertainty 
Kumar and Kumar [100] classify uncertainty in terms of 
the uncertainty related to the four elements of the 
manufacturing system: the inputs, the outputs, ·the 
manufacturing process and the environment. They suggest 
that unifying various types of flexibility on the basis of 
uncertainty will 
1) help understand the relationship between various types 
of flexibility, 
2) eliminate ambiguity and confusion in definitions and 
• 
terminologies used by different researchers and 
3) help develop measures of f+exibility. 
The uncertainty of the external environment primarily 
affects the nature and volume of demand. Uncertainties 
associated with inputs usually affect incoming material 
quality and the availability of inputs. Uncertainties in 
outputs are caused by changes made by customers in end: 
product specifications, delivery dates and delivery 
quantities. Process uncertainty results from low yield and 
unscheduled downtime. 
6.4.2 Types of flexibility 
The uncertainties in a manufacturing organization are 
many and varied. So are the types of flexibility to manage 
those uncertainties. Some important types of flexibility 
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are discussed in the following sections. 
6.4.2.1 Volume flexibility 
This is a measure of the capability of a given 
production system to operate profitably at a wide variety of 
volume levels (Brown et al [12]). Frazelle [34] and Gerwin 
[38] define volume flexibility as the capability of a system 
to respond to changes in aggregate product demand. 
Brown et al (12] define expansion flexibility as the 
ability of a system to vary its volume capability as needed, 
J easily and in a modular manner. This could also be defined 
as the ability and ease with which capacity can be adjusted, 
either through building new capacity or eliminating 
unnecessary capacity. Frazelle [34] and Gerwin [38] define 
design chahge flexibility and design flexibility as the 
"· G~, 
ability to redesign the manufacturing process including 
expanding it. 
6.4.2.2 Process flexibility 
This is a measure of the ease with which a 
production system (comprising machinery, fixtures, tools, 
layout, methods, software etc.,) can changeover from 
processing one "task" to another, without any or significant 
, 
. 
modification to.its configuration. In other words, it is 
-
the ability of a_process to deal with changes (additions or 
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deletions) from the product mix over time. The word ••task" 
Q 
• 
could refer to a part type or a product family. 
The changeover flexibility· defined by Frazelle (34], 
the parts flexibility of Gerwin (38], the product mix 
flexibility of Slack [157], the production flexibility of 
Brown et al (12], the job flexibility of BUzzarott (14], the 
process flexibility of Falkner [31], and the modification 
flexibility of Gerwin and ~eung. [39] are not different from 
each other. These simply have different terminology and 
different views of the same concept. 
6.4.2.3 Material flexibility 
This is defined by Gerwin (38] as the flexibility 
needed to accommodate uncontrollable variations in material 
specification. This depends upon the adaptability of the 
machine, the fixturing and the tooling to such variations. 
However, adaptation to such variations may violate some 
basic TQC principles. 
6.4.2.4· Sequencing flexibility 
,. This is the ability to rearrange the order in which 
different kinds of parts are loaded into the system in 
.. 
response to short term disruptions in the availability of 
Q input materials.: It also refers to the capability to 
expedite or delay the production of a certain batch (or 
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certain batches) of pa-rts of one or more part types, when 
the customer requests a change in product.delivery time. 
6.4.2.5 Re-routing flexibility 
.. This type of flexibility is required to respond to 
unscheduled non-availability of production machinery or 
material handling equipment. This is defined as the degree 
to which the part routing sequence can be changed, and the 
. I 
degree to which the system can continue to produce the given 
set of part types. This in turn requires machinery 
flexibility, material handling flexibility and process plan 
flexibility. Machinery flexibility refers to the capability 
of a machine to handle a variety of operations in one 
setting and the ease of changeover between different part 
types. Chaterjee et al [18] define material handling 
flexibility as the ability to move parts freely between 
machines. Process plan flexibility refers to the ease with 
which the order of operations on a part can be changed. 
This enhances re-routing flexibility. 
6.4.2.6 Layout flexibility 
This is a measure of the ease with which a variety 
of parts, sub-assemblies or end product~ can flow through a 
given factory. A flexible layout allows for flexible 
routing and requires minimum reconfiguration cost and time 
when new products are introduced.,~_ 
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6.4.2.7 Labor flexibility 
This is a measure of the ability, mastery and 
willingness of personnel to handle a variety of tasks both 
directly and indirectly related to th~lr main task. 
6.4.2.8 Product flexibility 
This is a measure of the capability to customize a 
product with just the desired mix of features and options 
demanded by the customer. To a large extent, this is a 
function of product design, particularly its modularity. 
6.4.3 Economy of scale 
A traditional factory based on economies of scale 
derives its productivity from a combination of physical and 
organizational size which reduces the investment cost per. 
unit of installed capacity; volume which spreads fixed costs 
over a large. number of units; standardization which reduces 
information requirements; and experience which reduces costs 
through repetition over time [41]. 
Unfortunately, this highly productive fact~ry comes 
on-stream just as the product reaches the maturity phase of 
its lifecycle. The result is a "beautiful" but rigid 
factory and a rapidly aging .product - a factory that is a 
barrier to further pro~uct innovation. 
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Companies facing such scenarios often attempt to 
lengthen the utilization of the high capital investment in 
• 
their production and service systems. They do this by 
lengthening the product lifecycle through the development of 
new market segme~s or small product changes. However, a 
dying product cannot be kept alive too long as competitors 
will introduce newer and better products to take its place. 
Besides, profit margins have been known to rapidly erode 
during the last phase of the life cycle. 
In operations based on scale economies, productivity ' 
(as it is traditionally defined) has often been achieved by 
trading off flexibility. This literally strips the company 
of the abilities to serve today's market place where 
intangible values such as variety, uniqueness in design, 
customization, quality, reliability, just-in-time delivery 
are required besides low price. Further, when the factory 
is a bottleneck to the flow of new products, it provides 
room for researcrt and engineering to hide behind the 
constraints of the factory. This can be deleterious to the 
~trategic positioning of the firm. 
A new manufacturing era has dawned. There is less 
time to get ready to manufacture a new product. There is 
less time to recc>llp the investment in any specia],.iz~d kind 
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of equipment and tooling required to manufacture that 
• product at a rea~onable p~ice. These ·demands can only be 
met with ''flexible" production and service systems. 
Economies of variety makes more sense today than economies 
of scale. 
6.4.4 Economy .)f scope 
An "economy of scope" factory can produce a 
continuous stream of different product designs at the same 
cost as an equal stream of identical products (Goldhar [4?]• 
,. 
This factory derives its competitive advantage from the 
flexibility created by the variety of different tasks it can 
perform and. the speed with which it can change designs and 
processes. 
Economy of scope, in short, allows for low cost 
variety of output. Its economies are not in size but in the 
variety of products produced. This is the basic diffe+ence 
between factories based on economies of scope and those 
traditional factories based on the economies-of scale. It 
is just as cheap, ( or cheaper) to produce a variety of 
products on the same equipment as it is to produce only one 
item or produce the range of products on separate equipment. 
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Economies of scope provide technical, capabilities such 
as: 
1) Extreme flexibility in product design and product mix, 
which allows for an almost unlimited variety of 
specific designs within a reasonable family of 
options, including alternative materials. 
2) Rapid response to changes in market demand, product 
design and mix, output rates and equipment scheduling. 
3) Greater control, accuracy and·repeatability of 
processes, all of which lead to better quality 
products and more reliable manufacturing operations. 
4) Reduced waste, lower training and changeover costs, 
and more predictable maintenance costs. 
5) Greater predictability in all phases of manufacturing 
operations and more information, ·both of which make 
., 
-~ 
possible more intensive management and control of the 
system. 
6) Faster throug-hput due to more productive use of all 
machines, 1.ess in-process invent9ry, fewer .stoppages 
! 
for missing parts or materials, or machine brep.kdowns. 
7) Distributed processing capability made possible and 
·7~)-- • 
economical by the encoding of process information,in 
easily replicable software. 
These ·capabilitie~s dir~ctly challenge the notion of 
economies of scale, particularly that larger volumes mean 
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lower unit costs than lesser volumes. 
6.4.5 Importance of flexibility 
Flexibility is now of overriding importance for long-
term profitability for a number of reasons: 
l) Ever shortening product life cycles, 
2) Demand for larger product variety, 
3) Demand for greater customization, 
4} Need for large investments in·automation to 
remain competitive. Large fixed costs could be a 
deterrent to new product innovation if equipments 
purchased are not flexible, 
5) Demand for shorter manufacturing lead times. This 
requires shorter flow times which is possible only 
through rapid changeovers and fle'xibility in the 
organization of production operations, 
6) Uncertainties in the timing and extent of demand 
changes, 
7) Changing product mix due to changing ·customer 
preferences and competition, 
8) High level of worker education and their ability to 
handle a variety of tasks demand task flexibility to 
sustain job satisfaction, 
-9) Development of modern communication, computing and 
control systems and their integration with production 
processes have enhanced process flexibility and allow 
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for economies of scope, 
10) Need to slash all non-value added costs to be price 
competitive and 
11) The proven effectiveness of continuous and rapid 
change as a strategic weapon in many markets. 
(/ \ 
It may be observed that most of the reasons listed above are 
market oriented. In other words they are centered around 
the needs of the customer. 
6.4.6. Achieving flexibility 
Flexibility must be built into a system as quality 
must be built into a product. A system to be labelled 
"flexible" should depend only on itself to provide the 
adaptability to ch·ange it is expected to provide. The 
dependency of a system on external resources to ''cope" with 
change (which will be discussed later) is a clear sign of 
lack of inherent flexibility. Some ways to achieve specific 
types of· flexibility are discussed below. 
6.4.6.1 Process flexibility 
ijxternal setup of tooling and fixturing, · 
'.' 
commonality of tooling and fixturing between parts, 
• programmability of process equipment and rapid downloading 
of part p~ograms-help reduce the time to changeover from one 
part type to another. Process flexibility is ~irectly 
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""" ,, proportional to the rapidity with which a changeover could 
be made. 
6.4.6.2 Layout flexibility 
Grouping· parts that have commonality of process 
equipment, routing, fixturing, tooling and methods together 
and producing them in one location based on group technology 
cell concepts, significantly reduces the material handling 
distance between consecutive processes, besides many other 
benefits. This permits cost effective transfer of small 
batch sizes or even individual units between processes. 
Besides, it also reduces product flow times and enhances the 
flow rate for an e~tire family of parts. Incidentally, 
these are indicators of a flexible layout. 
6.4.6.3 Volume flexibility 
Volume flexibility can be attained by building 
modular small units and by making it easier to add and 
subtract capacity. The infrastructure to support the use of 
modular units should also be provided. 
6.4.6.4 Labor flexibility 
Schonberger [147] shows that labor flexibility can 
prevail in a number of ways: 
1) Workers moving on their own or directed to move to 
whatever task that arises over time, 
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2) Removal of iworkers off the line when a line is running 
"'· ... ._.. .. 
too· smoothly, 
3) Moving of whole crews from one dedicated line to 
another as the mode·l mix changes, 
4) one worker handling a variety of tasks in a ··single 
work center and 
5) Moving people to rebalance lines when a change is made 
from one part to another. 
Creating flexibility of this nature requires good labor-
management relations and an appreciation of the value of 
flexibility to the prosperity of the organization, by ail 
concerned. 
6.4.7 Pseudo flexibi1ity 
., 
Some organizations adopt wasteful practices to cope 
with change and also live with the problems associated with 
it. By doing so they think that they have acquired 
''flexibility" when in fact j:hey have not. Two such methods 
are discussed below. 
6.4.7.1 Buffers 
When the v·o1 ume of demand or the product mix varies 
significantly buffer stocks are built to quickly meet 
customer needs. It may be observed that this does not 
enhance the capability of the production process to respond 
quickly to customer needs. The production process depends 
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on an external entity, namely the "buffer" to meet the need. 
·rn some situations it may .make good business sense to have 
., 
buffers in front of the market. However, it must be 
. ( - ', 
realized that building buffers does not enhance the inherent 
flexibility of the manufacturing system, but just serves to 
isolate marketing from manufacturing's lack of 
' responsiveness. 
6.4.7.2 Excess capacity 
When the volume of demand varies significantly, ,, 
-excess production capacity is built up to cope with 
fluctuations on the high side. It may be noted that by 
doing so, indiviclual pieces of equ.ipment have not enhanced 
their inherent flexibility in any way, to respond to volume 
fluctuations. Bt1sy uni ts of production equipment .. "depend'' 
on excess capacity of the same type of equipment to respond 
to such fluctuations. Moreover, excess capacity is an idle 
and wasted resource that has already been paid for. In some 
. 
situations, it would make perfect business sense to build in 
some protective capacity. However, it must be realized that 
it does not enhance the inherent flexibility of the 
production systen1. 
6.4.8 Measurement of flexibility 
The. management of flexibility involves the 
identification of the needs for appropriate types of 
··-~ 
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flexibility, effectively building it into the system, 
measuring it and improving it on a continuous basis to 
sustain competitive advantage. The strategic importance of 
'\/ 
flexibility requires.that it be well managed. The 
measurement of flexibility is fundamental to its management. 
However, the firm must be clear about how it intends to use 
measures of flexibility. Otherwise, it might end up 
measuring for measurement's sake. 
Flexibility measures may be used as follows: 
1) To unQ.erstand its consequences.qualitatively and 
quantitatively - the way in which and the extent to 
which it affects business related variables like 
costs, lead time, responsiveness to the customer, 
revenue enhancemen·ts arising out ot flexibility etc., 
2) To identify areas for flexibility impro-vement and to . 
support decision making pertaining to new capital 
investments. 
3) To monitor improvement in flexibility arising out of 
new investments and projects undertaken to achieve 
certain economies of scope. This is very important 1 . 
1 • ,, 
for the strategic management of chang~. 
4) To compare one system with another. Measures that 
. 
~ only_ indicate whether one system is more flexible than 
another, ordinal measures, may provide abstract 
measures of health but may not be of much use for the 
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manageme~t of change or steady state operations. 
11 
A,., flexibility measure is supposed to indicate the ease 
with which, or alternatively, the "degree•• to which a· system 
can adapt to a certain "type" of change. Measures developed 
should be fit for use by operations management and not too 
mathematically complex to be of practical use. Measures 
should be developed for each of tbe different types·of 
flexibility as their relative importance varies from-one 
organization to another, depending upon business needs. 
Also desirable are measures of overall system performance . 
. ,.._ \. 
" - ' -.... Measures of flexibility may be classified into indirect 
measures and absolute measures. 
Indirect measures are a set of indicators which 
reflect the sources of flexibility or the consequences of. 
(1 
it, which are measurable. They can indirectly show the 
existence of flexibility and improvement or deterioration 
., 
trends. ·They could also be used to compare systems that 
perform the same or similar tasks. Flexibility is a 
<] 
dependent variable. It can therefore·be described by the · 
independent operational variables that are responsible for 
its existence, like low setup time for example, or 
alternatively, by other dependent variables that are also-
influenced by the same independent variables, like economic 
batch size for example. 
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An absolute measure of flexibility is one that does 
not require comparison to other systems to determine its 
value. Such measures do not exist at this point and are 
likely to be very system specific, when developed. It is 
not clear if they would be able to support technical 
decision making pertaining to building and improving 
flexibility. Howev,er, they could provide a common yardstick 
for organizational health or competitiveness within a 
certain industry type. The practical uses of such measures 
are not very obvious and require further research. 
While developing absolute measures care must be taken 
to differentiate capability from flexibility. Consider the 
following example: Drilling machines A and B can drill at 
speeds ranging fi·om 100 rpm to 5000 rpm. Machine A is 
manually operated and needs a gear change (setup) to step up 
after every n x 1000 rpm where n=l,2,3,4. Machine B allows 
automatic and instantaneous speed selection within the 
entire range· (100 to 5000 rpm) through a touch screen. Both 
machines A and B have t:he "capability" to handle drilling 
between 100 and 5000 rpm but machine Bis more flexible. 
Now consider ~achine C which allows automatic, 1instantaneous 
speed selection within a possible range of (100 to 4000 
rpm). Machine C.- has a lower rpm capability than machines A 
and B. It is definitely more flexible than machine A but is . . 
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it less flexible than machine B or does it have the same 
flexibility as B? It depends on how the absolute measure is 
defined. 
6.4.9 PROPOSED MEASURES 
' 
A set of measures are proposed under each major type 
of flexibility. These are indirect measures intended to 
assess manufacturing performance. 
6.4.9.1 Process flexibility 
1. Average time per setup 
The magnitude of the setup time to change from one 
part type to another is a measure of the resistance to 
changeover. The higher the average time per setup for a 
given cell Or shop, the lesser is the average process 
flexibility. 
2. Reciprocal of (1 + average setup time). 
This measure expresses process flexibility on a scale 
of zero to one. A rigid system such as a transfer line has 
a very large 1chat1geover time. The flexibility measure in 
,. 
this case will be very close to zero. In a CNC machine, the 
setup time, depending On its configuration will be very 
small. The resulting flexibilit~ figure will be close to 
unity. 
,. 
,, 
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0. 
u 
3. Machinery or · equipment flexibility 
This can be computed as the ratio of two factors as 
shown below: 
Residual value of investment for the next model 
original investment for the existing model 
The residual value of the investment for the next 
model is a measure of the value of current production 
-equipment that is considered flexible enough to support the 
manufacture of proposed new products. The higher this 
value, the greater would be this measure, which is 
indicative of the flexibility of the existing plant for-
introducing new products. 
4. Operation flexibility 
The operation flexibility of an entity such.as a 
machine, cell or_production system can be computed as the 
ratio of two factors as shown below: 
Number of processes the entity can deal with 
Total number of processes on the part 
This measure of flexibility will have a value of one. 
for a given part-machine combination, if all operations on 
the part can be performed on the same entity in one setup. 
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5. New product introduction flexibility 
This measure has the same intent as (3) above. This 
expresses the loss incurred in tearing down and removing 
items of existing plant and machinery that have been 
rendered inflexible or unfit for the manufacture of the 
proposed new product(s) as a percentage of the total cost of 
new product introduction. It is a measure of the 
flexibility of a~ existing plant and may be expressed as: 
Exit cost X 100 
(Exit cost+ Cost of new additions) 
6. Flexibility horizon 
It is the minimum time window a production system 
l' 
remains capable of adapting itself to schedule chang~s, 
without loss of .throughput. The higher the flexibility, the 
smaller will be the time window. 
7. Total number of parts per part family or per cell 
' 
This .is .a measure of the variety of parts processed 
within a single production entity such as a cell or a 
,. flexible manufacturing system. - . 
8. Average number of part types per fixture 
This is an indicator of workholding flexibility. The 
higher the number of part types a given fixture can locate, 
• "* 
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the greater is its universality and lesser would be the time 
spent on setting up and removing the fixture from the bed of 
the machine. 
9. Mixed model capability 
The maximum number of part types that could be 
produced per day (or in a specified time period) could be 
used as a measure of ~ixed model capability. This is a 
consequence of process flexibility. The number of models 
that can be simultaneously produced in a given time period, 
profitably, is a function of the built-in flexibility! This 
capability improves with decrease in setup times. 
10. Versatility of geometric specification 
This is process specific measure that could be 
expressed as the number of different pa,rt features that the 
machine can genei·at~ or process, and/ or the tolerance 
limits it can handle. 
6.4.9.2 Volume flexibility 
1. ' Volume capability variance 
I The standard deviation of the discrete volume levels 
' in which the plant can operate is a measure of volume 
expansion and contraction flexibility. 
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2. Stretch capacity as percentage of normal volume 
f This is defined as the ratio of the maximum range of 
volume to the normal operating volume and may be expressed 
as: 
Stretch capacity= Maximum volume - Normal volume 
Normal volume 
This is a measure of the expandability of a production 
system to meet occasional surges and drops in volume demand. 
6.4.9.3 Labor flexibility 
1. Average number of jobs mastered/ operator 
The ability each member of the workforce to perform a 
variety of tasks (operation of different machines, 
preventive maintenance, housekeeping, process control, 
setup, tool maintenance etc.,) significantly enhances the 
flexibility with which he or she can be used to meet 
changing demands for labor. The above is a basic but strong 
indicator of labor flexibility. 
2. Number of organizational levels or grades 
As the number of organizational levels increase, the· 
flexibility with which personnel can be used acro~s levels 
v·;} 
decreases. The smaller the number of levels, the higher 
should be the flexibility, particularly within the labor 
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ranks. 
6.4.9.4 Routing flexibility 
For a given cell, this is the ratio of the number 
of feasible· inter workstation routes to the maximum 
, . --- -
mathematically possible number of routes (expressed as a 
factorial). The higher this measure, the greater would be 
the routing,flexibility. Expressed as a formula, 
Routing flexibility -
-
t 
6.4.10 Benefits of flexibility 
Feasible routes in the cell 
(No of work centers)! 
The benefits of flexibility are many and varied. 
Those commonly observed and of strategic importance are as 
follows: 
1) Lower indirect costs due-to lower setup times, batch 
sizes and product flow times. 
2) Custa~ products can be produced at close to mass 
production costs. 
3) Improved cost stability with volume and mix changes. 
4) Shorter manufacturing lead times which permits quicker 
order execution. 
5) . , Capability to produce mixed models cost-effectively. 
6) Increase in productive capacity~of available 
resources. 
151 
e 
7) Forecasting errors have a less drastic effect. 
8) Reduced tendency to create buffer stocks. 
9) No cost penalty for producing variety. 
10) It helps the firm update products, incrementally 
increasing their complexity and technological content. 
11) 
12) 
' ', ' . H~lps create protective barriers against competition .. 
Increases the range of the product line, complexity of 
products, and provides for greater responsiveness. 
13) Flexibility opens up new markets, customers and 
demands of distribution and, along.with them, new 
-opportunities for revenue enhancement and new routes 
to competitive advantage and 
Cl 
14) Flexibility allows competition on perceived_ special 
option~. This regenerates competition on product 
characteristics, not simply on price. 
6.4.11 Value of flexibility 
The value of flexibility is the extra profit or the 
decrease in loss that the flexible system can achieve in 
comparison to a less flexible system. It is not a measure 
of flexibility but a measure of its consequences. 
~~ 
·' 6.5 NEW/IMPROVED PRODUCT INNOVATION AND INTRODUCTION 
The purpose of product engineering changes is to 
improve existing products, to make them superior to those of 
,-~ 
the competitors. If the firm can offer products with the 
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latest functions and features desired by the marketplace, it 
can gain a competitive edge. The potential of the company 
to be the first in the market with new or improved products 
also makes it attractive to investors. Being the first in 
the marketplace with an improved product is clearly an 
obvious competitive advantage. Unfortunately, many 
manufacturing people have the feeling that engineering 
chang~s are simpl.y made to make their life more difficult. 
In a large batch size environment, the work-in-process 
level is high. Consequently, introduction of a design 
change.would involve purging a lot of material in the 
system. However, in most cases, the cost of scrapping or 
reworking old designs in process forces managers to "delay" 
the implementation of the engineering change until the next 
production order for the product.· In a small batch size 
environment, orders are released to production in small ·\, 
portions. The amount of superceded designs in process that 
must be purged will be much smaller, and the new designs can 
',!;, ., 
be introduced much faster. The company with the low batch 
size environment can therefore make the superior product 
available to the marketplace for a significant period 
without competition and should be able to gain additional 
sales and market share. As product life cycles are 
continually reduced, these advantages become more and more 
important. 
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The following sections present measures of a company's 
ability to efficiently and quickly innovate and introduce 
new products and .design enhancements. 
I 6.5.1 Reduction ,in R&D manhours per new product 
The number of manhours that goes into research and 
development associated with a new product is a measure of 
the effort expended to introduce it. Efficiency in new 
. 
. product introduction is vital to the world class 
manufacturer, whose success depends on continuously 
introducing new and improved products. Past experience has 
shown that mature and flexible R&D organizations introduce 
newer products with greater ease. The reduction in the 
manhours per new product could be used as a measure of 
improvement in the efficiency of innovation. 
6.5.2 Reduction in ne,v product introduction lead time 
The ability to continuously introduce new and improved. 
products is critical to the success of many organizations. 
<,, 
The 16e·aa time to conceive, design, test, develop and get 
ready for manufacture is an important variable that affects 
.. 
their success. Short lead times to introduce new products 
are vital to the world class manufacturer. In halting its 
I declining fortunes in the copier industry, Xerox, has vastly 
improved its ability to get new products to the market. 
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Fewer than 350 R&D people spent just two and half years 
developing Xerox·• s top of the li~e 9900 copier, as compared 
with five years and four times more people for such products 
in the past [147]. The reduction in average new product 
introduction lead time could be used as a measure of 
improvement in an 01t"ganization's capability to quickly 
d 
innovate and introduce new products. 
6.5.3 Reduction in lead time for ECO implementation 
In many organizations, short.term or periodic 
improvements in the product are introduced in the form of an 
"engineering change order"· (ECO) . The production order 
backlogs, the size of work-in-process inventory, capital 
resource requirements and the inflexibility of production 
personnel could delay the implementation of the engineering 
change. To sustain and improve competitiveness, it is 
' 
essential to bring superior products to the marketplace long 
before competitors do, to be able to gain additional sales 
and market share. As product life cycles are continually 
reduced, this is becomes more and more important. The lead 
time for implementing an engineering change is the time that 
elapses from the-instant an engineering change order i~ 
received to the time it is fully implemented with all the 
'· 
associated resources. The reduction in the lead time for 
implementing an J~CO, could be used as a measure of 
improvement in the organizations' ability to introduce''1 
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peri~dic product enhancements in product design.· 
In summary, the critical variables that determine an 
organization's responsiveness to its customers are lead 
time, delivery dependability, customer service, product and 
process flexibility and the ability to quickly and 
continuously innovate and introduce new and ·improved 
products. These factors markedly influence customers' 
perception of a company, its products and its people. 
~~ I I Consequently,· they have strategic importance and need to be 
managed through an appropriate set of measures. Measures of 
the stability of production operations are presented in the 
next chapter. 
• 
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Chapter VII 
Measures of Operations Stability 
The stability of manufacturing operations may be 
defined as the state·of affairs that· permits full, 
productive use of all capacity constrained resources, as 
well as, the uniformity of end product shipments over a 
• billing period. 
The stability of production operations is an important 
(!I 
issue because lack of it adversely affects cost-
effectiveness, profit margins and competitiveness. The 
company with high margins has.the flexibility to selectively 
. lower prices or use its high margins to gain a competitive 
edge in other ways such as increasing its sales force, 
advertising or product engineering. 
Lost time on constraints is lost throughput. 
Throughput, as defined earlier, is the rate at which the 
system generates profits through sales. So lost throughput 
is profit lost. ,Loss of productive time at the constraints 
can occur in a number of ways: shortage of labor or material 
inputs which starve the constraints, defective material 
inputs which reach the constraints and get processed only to 
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become scrap, nonconformance at the constrained resources 
due to their own variability, and finally breakdowns of the 
constraints which result in unscheduled downtime. The 
relative impacts of the different causes may vary from 
situation to situation. However, all the causes originate 
from unce~tainties and variabilities in manufacturing 
operations. · 
.. 
Labor shortages are the result of upplanned 
absenteeism or temporary absence from the workstation during 
scheduled production time. Material shortages at the 
constraints occur due to variabilities in the yield of 
processes upstream of the constraint, uncertainties in 
material availability in upstream processes and 
uncertainties in the ava.ilability/ uptime of process 
~quipment upstream. These variabilities and uncertainties 
coupled with poor process flexibility and large setup times 
encourage the use of large batches and making more upstream 
than what is actually needed downstream. Large batches and 
WIP inventory buffers upstream cause the material to move 
sluggishly and unpredictably through the plant in discrete 
jumps. Often, there i.s virtually no flow. 
Defective materials reach the constr~ints due to poor 
) process control and inadequate inspection upstream.-,,·--.) .~ 
Nonconformance at the constraints originate from their own 
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process variabilities and inadequate process control. 
unscheduled downtime at the constraints occur due to poor, 
inherent process reliability and poor preventive 
maintenance. Typical of an unstable environment is the "end 
of month syndrome", which is discussed in the section below. 
7.1 END OF MONTH SYNDROME 
In an unstable production environment, it is not 
uncommon to encounter major differences between planned 
production levels and actual output. No matter how well 
plans are made, even with large measures of safety built in, 
orders are still constantly expedited and lavish amounts of 
overtime are expended to get orders shipped on time. This 
problem is so widespread that it is often referred to as the 
''end of the month syndrome". Somehow through special 
efforts, more than half of the month's production are 
shipped in the last few days. Whenever there is trouble 
with shipping on time, invariably always, there is heavy 
dependence on overtime, premium freight and other expensive 
and unplanned actions. The.end result is that orders may or 
may not get out on time, but additional operating expenses 
are certainly incurred and profit margins shrink as a 
result. All this 1eould be attributed to a relatively higher 
level of ipventory as compared with the competitors. 
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If the competitors have lower inventory, their lead 
times would also be lower. To,win orders against such 
competition, market.ing will be forced to quote shorter lead 
times than manufacturing ts capable of. Manufacturing will 
<c·, 
be forced into considerable overtime and possibly other 
additional costs to meet the delivery date. Inventory is 
not generally recognized as causing overtime, but it quite 
often is the prime reason. 
Coping with the end-of-month syndrome is a major~ 
ongoing problem for most plants. A surge of product is 
encountered at the final operations that must be processed 
in the last week of the month if shipping goals are to be 
met. Even overtime may be sometimes insufficient to meet 
the peak load. A capacity shortfall is experienced at the 
end of the month wh,ich triggers requests for atlditional 
capacity. However, capacity plans may indicate that the 
capacity in final operations is several times the average 
workload. Even though these machines are often idle, 
,particularly in the early part of each billing period, the 
organization is forced to invest in more machinery in order 
to make the monthly spipping targets. Larg~ batch sizes 
move through the-plant with long delays and discrete jumps. 
They almost always get to the final operations very close to 
or beyond the target shipping dates. 
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.. In a high·inventory environment, the last operations 
' . ' 
are at peak load for an extend~d period of time and this 
peak load occurs·at the worst possible time, the end of the 
billing period. In a low inve tory environment, the load on 
the last operations is more uniformly spread and the idle 
time is even more uniformly distributed, even at the end of 
the. month. This greatly reduces the investment required per 
unit of product and the return on investment is much higher. 
Even more importantly, the break-even point is lower, which 
allows much more flexiblity in pricing the products. 
7.2 MEASURES OF STABILITY 
All factors critical to the success of the enterprise 
should be met without chaos in internal operations. Month 
end fire drills clearly indicate instability in plant 
operations. Global measure~ of stability can provide senior 
management with an assessment of the impact of 
uncertainties, variabilities and poor flexibility on the 
profitability of plant operations. However, it must be 
noted that such measures can only indicate the existence of 
abnormalities. They are not intended for problem 
identification and problem solving ~ike some of the measures 
developed in Chapters 4, 5 and 6. Measures to evaluate the 
stability of production operations are presented in the 
following sections. 
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v7.2.1 Linearity of output 
This is defined as the uniformity of end product· 
shipments over a billing period. It can be computed as the 
----variance (square of the standard deviation)~'J>t daily 
shipment quantities and/or dollar value of sales. The 
magnitude of this nµmber will be proportiona·l to the 
d~viation of daily shipment figures from the mean. The 
.. linearity of output is a good measure of operations 
stability and a means to identify the existence of the end-
of-month syndrome. A decrease in the variance should 
correlate with improvement in constraint utilization. 
7.2.2 Final assen1bly workload variance 
Thi.sis defined as the magnitude of statistical 
fluctuations in daily workload at the final stages of. 
production. When the end-of-month syndrome prevails in a 
plant, equipment and other production resources in the final 
stages of production are poorly utilized at the beginning of 
the billing period and often work overtime towards the end 
to meet shipping targets. The fluctuations in workload can 
be measured as the variance (square of the standard 
deviation) in the daily average equipment utilization. A 
high variance is clearly an indication of instability. 
' 
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7.2.3 Constraint utilization 
Constraint utilization refers to the·percentage of 
I 
time the constrained resource is engaged in pr.educing useful 
output. A constrained resource is one whose capacity is 
less than the demand imposed on it. The throughput of the 
plant is restricted by the capacity of its worst constraint. 
Constrained resources determine the effective capacity of 
the plant. The flow through the constraint must therefore 
be made equal to the demand from the market. A hour lost at 
a constraint has the same impact as a hour lost by the 
entire plant. Poor constraint utilization has two major 
financial impacts. One is the opportunity cost of lost 
profit and the other is poor leverage from the fixed 
.. 
operational expenses incurred by the firm to carry out its 
value adding and non value adding activities. Incidentally, 
these are the impacts of instability in manufacturing 
operations. With an improvement in the productivity of 
constrained resources, throughput improves and backlogs 
decline. When constraint utilization improves, the 
uniformity of end product shipments will most likely 
• improve. 
7.2.4 Overtime variance 
Overtime in production operations is usually used to 
acquire the extra capacity badly needed to rush jobs and 
meet target shipping dates. Overtime throughout a billing 
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period is rather uncommon and .it only suggests.that overtime 
is used as a tool to stretch the productive capacity of 
certain resources beyond recommended levels. When the end-
of-month syndrome prevails, overtime would be resorted to 
primarily at the end of the month. The variance (square of 
the standard deviation) of daily overtime hours during a 
billing period, is another good measure of instability in 
manufacturing operations. 
7.2.5 Operational expenses per unit of output 
The utilization of constrained resources determines 
the output from the plant as a whole. Low utilization means 
low output. In most modern manufacturing plants, the total 
operational expenses are predominantly fixed in nature. 
When constraint ~tilization drops, the fixed operational 
expenses would be spread over fewer units of output. This 
will increase the operational expenses per unit of output. 
This measure would stay valid at least as long as demand 
exceeds the capacity of existing constraints. Operational 
expenses include all the money the organization spends in 
turning inventory into throughput. It includes the 
annualized cost of capital investments. The operational 
expenses per unit of output is therefore a good global 
measure of stability expressed in terms of its financial 
impacts. It would faci.li tate budgeting for and improving 
stability in plant operations. 
1'64 
In summary, measures of stability are intended to provide 
management with information on the ease with which the plant 
meets its throughput targets. They are also intended to 
provide global measures of the financial impacts of 
instability in the·conduct of manufacturing operations. All 
efforts to identify and eliminate uncertainties and 
variabilities from manufacturing operations should 
ultimately result in a predictable and stable plant. 
-
Chapter 8 presents a summary of this research, 
\,., 
considerations for use of the measures developed, some 
' 
general findings and finally, the conclusions drawn from 
this work and the scope for further research. 
' ' 
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Chapter VIII 
Summary, Conclusions and Recommendati~ns 
8.1 SUM~IARY 
A comprehensive set of indicators to measure total 
' manufacturing performance was developed. The research 
recognized the fact that each organization is different in 
terms of its criteria for performance measurement . . 
Different types of corporate missions, factors critical to 
their success and compatible manufacturing strategies were 
analyzed. It was recognized that performance measures 
should not only be product specific but also need to change 
as a product evoJ.ves through the different phases of its 
lifecycle. 
The limitations of traditional performance measures 
' 
· and managerial incentive systems were analyzed and the need 
~or strategic performance measures was discussed. Taking 
into consideration the shortcomings of traditional measures, 
the functional, requirements for strategic performance 
measurement were developed. Maximization of profit was 
recognized as the goal of any manufacturing organization and 
that profit comes from providing customers with the desired 
levels of cost, quality and responsiveness. Operating 
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expenses, throughput and inventory were acknowledged to be 
global measures of manufacturing productivity. 
A framework for measuring total manufactu;ing ~ 
perfor1nance was developed. It was characterized by four 
subsets of performance measures: measures of cost-
effectiveness, quality, responsiveness and stability of, 
internal operations. Within each subset, attempt was made 
to elaborate how each measure would reflect changes.in 
throughput, operating expenses and/or inventory levels. The 
relevance of each measure to profitability and 
competitiveness was also discussed. Significant effort was 
made to relate potential impacts of uncertainty and 
variability in manufacturing operations, on the behavior of 
the measures developed. 
Measures of cost-effectiveness dealt with the impact 
of operations related to material procurement and conversion 
on operational expenses. The importance of minimizing 
lifecycle costs was dealt with extensively. measures of 
quality were developed to evaluate the quality of design, 
the quality of conformance and end product performance. The 
relevance, uses and limitations of information on the cost 
of quality was discussed in detail. Measures based on 
-quality costs we1.·e also developed. Measures of 
responsiveness were developed under five distinct heads: 
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cumulative lead time, due date performance, customer service 
\\ 
performance, flexibility and new product innovation and 
introduction. The issue of flexibility was more extensively 
. . dealt with. than the rest. The strategic importance of 
flexibility, different types of flexibility and ways to 
\ 
achieve and measure flexibility were discussed in detail. 
Non-linearity of production outptlt was purported to 
• I 
originate from uncertainties and variabilities in 
manufacturing operations. The end-of-month syndrome was 
introduced as the manifestation of instability in 
manufacturing operations. Measures were developed to assess 
the seriousness of the end-of-month syndrome and its impacts 
on plant profitability. 
8.2 CONCLUSIONS 
This research confirmed that performance measures I 
should be tailored to the company's mission, its critical 
success factors, its manufacturing strategy, projects in 
progress to implement that strategy, products produced and 
the current phase of their individual lifecycles. 
Performance indic!ators could therefore vary across product 
lines in a multi-product company. Conflicts related to this 
should be expected as the criteria for their market success 
are different for the different products. The system of 
performance measurement should be comprehensive in its 
168 ' 
scope, in so ·.far as the evaluation of adherence to customer 
expectations was concerned. At the same time, it should not 
lose sight of the primary goal - profit. Performance 
measures must be.periodically reviewed for relevance to the 
measurement of progress in current projects, changing 
business needs and critical su~cess factors. Irrelevant 
measures must be dropped and appropriate new measures must 
be added. To get the best utility of measures in use, the 
data collected should be extensively used for problem 
identification and problem solving as opposed to mere 
progress measurement. 
8.3 RECOMrvtENDA TIO NS . 
A company faced with the need to develop a system for 
measuring total manufacturing performance should first 
review its niche and restate its corporate mission if need 
be. It must ther1 critically examine· the factors that seem 
critical to the success of its mission. Based on these 
factors and an unbiased assessment of its current state of 
affairs, it must then develop its manufacturing strategy to 
capitalize on its strengths and opportunities, to overcome 
its weaknesses and threats, and thereby maximize its -
profits. To effectively implement this strategy, a 
comprehensive set of measures that could reflect progress in 
the desired areas must be chosen. While doing so, 
. 
significant care should be exer~sed to ensure that 
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conflicts between measures do not exist. When conflicts 
exist, an improvement in one measure would lead to the 
deterioration of another. Targets set should be 
periodically reviewed to ensure ongoing improvement. It 
should be realized that a given set of performance measures, 
however comprehensive they may be, may not be valid 
forever. Markets change, critical success factors change 
and programs of continuous improvement may render some 
~ 
measures insignificant beyond a certain point. It is 
therefore necessary to recognize the changing information 
needs and suitably revise the performance measurement 
system. 
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